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Abstract: In the last few decades, tissue engineering has become one of the most studied medical
fields. Even if bone shows self-remodeling properties, in some cases, due to injuries or anomalies,
bone regeneration can be required. In particular, oral bone regeneration is needed in the dentistry
field, where the functional restoration of tissues near the tooth represents a limit for many dental
implants. In this context, the application of biomaterials and mesenchymal stem cells (MSCs)
appears promising for bone regeneration. This review focused on in vivo studies that evaluated bone
regeneration using biomaterials with MSCs. Different biocompatible biomaterials were enriched
with MSCs from different sources. These constructs showed an enhanced bone regenerative power
in in vivo models. However, we discussed also a future perspective in tissue engineering using the
MSC secretome, namely the conditioned medium and extracellular vesicles. This new approach has
already shown promising results for bone tissue regeneration in experimental models.

Keywords: tissue engineering; regenerative medicine; biomaterials; biocompatibility; scaffold; tissue
repair; dentistry

1. Introduction

In healthy conditions, bone tissue shows a self-remodeling property due to resorption
and new bone formation processes that are modulated by osteoclast and osteoblast activities.
However, several bone injuries or anomalies are difficult to heal by natural body processes,
causing the necessity for bone regeneration strategies. Bone regeneration is also sometimes
required in the dentistry field when dental implants are needed. Indeed, tooth loss is one
of the major problems related to a decrease of life quality. The success of dental implants
also depends on the functional restoration of tissues near the tooth, including bone. For
this reason, the regeneration of the bone is of fundamental importance in dentistry [1,2].

In this context, the main purpose of regenerative medicine is to overcome the limit of
the low regenerative power of tissues, creating strategies to restore their functionality and
architecture. Tissue engineering denotes a novel approach to regenerative medicine in order
to develop tissue-like complexes that mimic the role and structural organization of tissues
in order to repair injuries, anatomical defects, and restore the functions of the damaged
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areas using biomaterials and stem cells [3–5]. Specifically, the differentiation capacity and
the paracrine effects of stem cells, such as mesenchymal stem cells (MSCs), are useful for
tissue regeneration, and their application seems promising in different fields of regenerative
medicine, including bone regeneration [6–8]. Moreover, their combination with scaffolds
may have positive effects on the regeneration of many damaged tissues. Scaffolds are
three-dimensional structures that promote the reconstruction of tissue architecture. The
scaffold is made of a biomaterial that provides a template to ameliorate the healing process
and to promote cell attachment, proliferation, differentiation, and extracellular matrix
(ECM) generation [5,9]. Obviously, scaffolds need to show physical features that allow for
oxygen and nutrient transport, the maintenance of cell survival, and the promotion of cell
differentiation and homing in order to allow for MSC growth. Interestingly, in recent years,
cell-free strategies have gained substantial attention in the world of tissue engineering [10].
In this context, scaffolds can be combined with MSC products, namely their secretome.

In this review, we focused on in vivo studies evaluating the potential application
of MSCs combined with biomaterials for bone regeneration, with a particular interest
in biomaterials and MSC constructs that can be applied in the dentistry field. We also
evaluated the cell-free approach based on the enrichment of biomaterials with the MSC
secretome as a promising future perspective.

2. Mesenchymal Stem Cells and Regenerative Medicine

MSCs are undifferentiated cells known for their self-renewal and differentiation prop-
erties. MSCs are also able to secrete immunomodulatory factors, leading to the creation of
a regenerative microenvironment. Thanks to these properties, MSCs may play a main role
in regenerative medicine, and some clinical studies have demonstrated that MSCs from
different sources may have the ability to repair injured tissues [7].

The Mesenchymal and Tissue Stem Cell Committee of the International Society for Cel-
lular Therapy stated the minimal criteria to define MSCs: MSCs must be plastic-adherent;
express CD105, CD73, and CD90; lack the expression of CD45, CD34, CD14, CD11b,
CD79alpha, or CD19 and HLA-DR surface molecules; and are able to differentiate toward
osteoblasts, adipocytes, and chondroblasts in vitro [11]. MSCs also have the ability to
trans-differentiate into cells of the different germ layers: mesoderm lineage cells, as well as
ectoderm and endoderm lineage cells [6].

Being multipotent adult stem cells, MSCs show less moral, ethical, or safety problems
compared to embryonic stem cells [6]. Furthermore, these cells possess an immunomodu-
latory action and poor immunogenicity. Bone marrow-derived MSCs (BMSCs) were the
first to be discovered, but MSCs can be isolated from multiple sources, including adipose
and oral tissues [12]. Oral mesenchymal stem cells (OMSCs) can be easily isolated from the
tissues residing in the oral cavity with less invasive techniques compared to BMSCs, which
require bone marrow collection [13–15]. In particular, from dental tissues, dental pulp stem
cells (DPSCs), stem cells from the apical papilla (SCAPs), periodontal ligament stem cells
(PDLSCs), gingival-derived MSCs (GMSCs), dental follicle stem cells (DFSCs), tooth germ
stem cells (TGSCs), and alveolar bone-derived MSCs (ABMSCs) were isolated [14].

The paracrine effects of MSCs have attracted a lot of attention in tissue regenera-
tion. Specifically, MSCs can secrete different growth and trophic factors, cytokines, and
microRNAs, known as the secretome that includes both the conditioned medium (CM)
and extracellular vesicles (EVs) [10,16,17]. Different proteins, such as vascular endothelial
growth factor (VEGF), transforming growth factor β (TGF-β), and bone morphogenetic
proteins (BMPs), all directly involved in bone regeneration, have been already found to be
released by MSCs in the CM or inside EVs [10,18]. However, both proteins and non-coding
RNA contained in EVs were found to participate in bone regeneration [19]. Both CM and
EVs may be used for cell-free therapy, and their applications seem promising in clinical
practice, not showing the ethical limits related to the use of stem cells [20].

In tissue reparative treatments, cells or their secretome can be directly applied to the
damaged area or be associated to scaffolds that promote cell attachment, proliferation,
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differentiation, ECM generation, and the diffusion of biomolecules inducing the restoration
of tissues.

3. Biomaterials and Scaffold Characteristics for Bone Tissue Engineering

In the last few decades, the definition of biomaterials was the main topic of various
scientific debates. In 1987, the European Society for Biomaterials (ESB) defined biomaterials
as non-viable materials used in medical devices or implants that are able to interact with
biological systems, such as tissues or organs, but their definition has changed over the
years [21].

Of main importance is that a biomaterial must be biocompatible, allowing for cell
attachment without the stimulation of an immune response. Specifically, for bone tissue
engineering, a biomaterial needs to have good tensile and compressive strength and
to be osteoconductive and osteoinductive. Specifically, an osteoconductive biomaterial
stimulates bone cell growth, while an osteoinductive one induces the proliferation and
differentiation of MSCs [5]. A good biomaterial should also be resorbed when new bone is
formed so that it can replace it. Moreover, the degradation byproducts should not be toxic.

Given the close relationship between osteogenic and angiogenic events [22], a good
construct for bone regeneration should also improve angiogenesis [23]. Indeed, new blood
vessel formation, promoted by growth factors, is necessary for minerals and oxygen trans-
port, supports cell growth and interaction, and takes part in osteointegration processes [24].

Various biomaterials have been identified and used for bone regeneration. The most
frequently used are ceramics, synthetics, and natural polymers and composites.

Ceramics are inorganic, non-metallic substances. Ceramics are classified as non-inert
or resorbable (calcium phosphates and calcium aluminates), semi-inert (glass-ceramics
and dense hydroxyapatites), and relatively inert (alumina, zirconia, silicone nitrides, and
carbons). In dentistry, the use of ceramics is related to their high toughness and biocompat-
ibility, although they are vulnerable to stress tensile and can be damaged due to excessive
mechanical stress [25]. Calcium phosphates are among the most used biomaterials, given
that the bone inorganic matrix is formed by calcium phosphates, even if they show a low
tensile strength. Hydroxyapatite (HA) use is widespread due to its similarity to the inor-
ganic matrix of the bone [5]. It presents a long resorption time but a reduced mechanical
resistance. B-tricalcium-phosphate (β-TCP) can be more easily produced than HA and also
shows a faster resorption time, but it is more fragile [9].

Polymers can be divided into natural polymers, including collagen (Col), alginate,
and chitosan, and synthetic polymers such as polylactic acid (PLA) and polycaprolactone
(PCL) [26]. Natural polymers can be divided in protein-based ones, such as Col, and
polysaccharide-based ones, including alginate and chitosan. Among natural polymers, the
most used is Col, a considerable structural element of the bone matrix that is widely used in
regenerative medicine [27]. To date, 28 different types of Col have been identified, but types
I, II, and III are the most common and represent the classical fibril-forming Col [28]. Type
I Col is the main organic constituent of the bone ECM and is widely used in bone tissue
engineering [29]. Col shows a low antigenic response, a high tensile strength, and a high
flexibility, but its degradation rate can cause a loss of mechanical strength. Gelatin (Gel) is
obtained by the partial hydrolysis of Col and comparatively shows a lower antigenicity.
Chitosan is a polysaccharide present in crustacean and insect exoskeletons, as well as in
mushrooms. It shows an osteoconductive capacity but has the disadvantages of mechanical
weakness and instability [5].

Synthetic polymers can be produced in controlled conditions, allowing for the pro-
duction of scaffolds with specific physical and mechanical properties. PLA has a good
tensile strength. Moreover, its hydrolytic degradation creates lactic acid. It is available in
many forms such as poly(L-lactic acid) (PLLA) and poly(D,L-lactic acid) (PDLA). PCL is
characterized by biocompatibility and slow degradation. Polylactic-co-glycolic acid (PLGA)
is a copolymer of PLA and polyglycolic acid (PGA). PLGA is biodegradable, allows for cell
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adhesion, and shows good mechanical properties. Its degradation rate can be regulated by
varying the percentage of the two polymers [30].

The combination of biomaterials (composites) is often used in the regenerative treat-
ments. In this way, each biomaterial can bring features lacking in other ones, and the
advantageous properties can be combined in order to obtain specific chemical, physical,
and mechanical properties [31]. Composites are made of a polymer phase, with toughness
and compressive strength, and an inorganic one that improves the mechanical properties
and degradation rate [32]. Specifically, composites may show improved mechanical stabil-
ity, better flexibility, and structural integrity. The result is that composite biomaterials may
have a combination of the best properties of each biomaterial and other useful properties
not shown by their constituents alone [33].

Scaffolds are three-dimensional structures made of biomaterials designed to promote
cell–biomaterial interactions, cell adhesion, survival, proliferation, differentiation, and
ECM deposition, as well as to allow for the transport of gases and nutrients and to provoke
a minimal degree of inflammation or toxicity in vivo [34]. Some scaffolds, other than
providing a mechanical support for cells, are considered “bioactive,” acting as vehicles
for various molecules, such as cytokines, growth factors, drugs, and enzyme inhibitors
that promote bone regeneration [35,36]. Depending on the application, scaffolds need to be
designed appropriately. Mechanical, physical, and chemical properties allow scaffolds to be
as similar as possible to tissues, while their architectures must provide structural support.
These properties depend on the biomaterial and design of the scaffold. However, choosing
the best scaffold components and selecting the best protocols for their development are
still controversial topics.

In porous scaffolds, the density and size of pores influence cell migration and adher-
ence to the scaffolds, as well as nutrient and oxygen diffusion. The pore dimension has been
extensively investigated to induce bone growth, but there is not a clear consensus about
the optimal pore size. Small pores may avoid cell penetration to the center of the scaffold,
while in large pore scaffolds, the area available for cell attachment may be limited and cells
may not be able to bridge the gaps between the pores. Moreover, an excessive porosity
can make a scaffold too weak [37,38]. It was reported that a small pore size (<100 µm) is
associated with the formation of non-mineralized osteoid or fibrous tissue, while pores
over 100µm are generally preferred for cell infiltration and bone growth [39]. However,
it is important to notice that the time factor is important for cell adhesion. Indeed, an
experimental study showed that the number of adherent cells significantly increased with
time. At earlier time points, cells were found on the surface of the scaffold, while at later
time points, cells were able to penetrate into the inner part of the scaffold [40].

Fibrous scaffolds mimic the fibrous nature of Col. Fiber may vary in size and organiza-
tion. Hydrogels represent hydrophilic polymer networks formed through the crosslinking
of monomer or polymer chains through covalent and/or noncovalent interactions. They
show physical and chemical properties similar to some human tissues [41,42]. By modi-
fying the crosslinking method and degree, it is possible to obtain the desired geometry,
degradation rate, porosity or release profile [43].

The identification of the correct biomaterials for scaffold construction is important in
order to create the best response to host tissue and to avoid the activation of an inflamma-
tory response [44].

Moreover, surface modifications of scaffolds may modulate the scaffolds’ features,
thus influencing their interactions with MSCs. Changes in surface topography, functional
groups, and wettability were investigated [38], and various mechanical and chemical
techniques have been proposed in order to modify the number of functional groups,
surface charge, hydrophilicity, and molecular weight of compounds [45].

4. Biomaterials and Mesenchymal Stem Cells for Bone Tissue Engineering

In dentistry, dental implants are used to replace missing or damaged teeth in order to
re-establish the correct relationship in the cranio-facial complex, but the lack of adequate



Int. J. Mol. Sci. 2021, 22, 5236 5 of 27

bone support may impair implant functionality. For this reason, tissue engineering in
dentistry has received a lot of interest [46]. Numerous studies have been carried out using
MSCs and biomaterials for bone regeneration. We performed a PubMed search looking for
studies using in vivo experimental models published from 2016 involving the use of MSCs,
biomaterials, bone regeneration, and dentistry. Rats, mice, rabbits, and dogs are the most
used animal models where alveolar bone or mandibular defects were induced. However,
in addition to oral bone defect models, extraoral bone defect models have been created
to evaluate bone regeneration with application in the dentistry fields. Specifically, the
extraoral sites can offer an easily available amount of bone volume and an easier surgical
approach. In this context, tibial or femoral defect models were used [47]. Additionally, the
mouse calvaria model may be helpful for a variety of disease applications in the field of
dental research and may provide data about bone regeneration [48].

4.1. In Vivo Studies Using MSCs and Scaffolds for Bone Regeneration

Studies were carried out in order to evaluate the efficacy of scaffolds enriched with
MSCs for bone regeneration. A summary of the studies described in this section is present
in Table 1.

Table 1. Overview of the studies evaluating bone regeneration combining MSCs and scaffold in in vivo models.

Biomaterial MSCs Species Model Results Ref.

C/ABB scaffold JBMMSCs Beagle dogs Infrabony defects New bone and
cementum formation [49]

PDA-laced HCCS
Osteogenic
aggregated

BMSCs

Sprague
Dawley rats

Critical-sized
calvarial defects

New bone formation was visible
in scaffold with MSCs, while the
scaffold without MSCs showed

limited osteoconductivity

[50]

Bio-Oss® BMSCs Beagle dogs Maxillary sinus
floor augmentation

Newly formed bone in groups
treated with Bio-Oss® and BMSCs

may be more mature
[51]

Laponite®

crosslinked with
NIPAM and DMAc

loaded with HA
nanoparticles

BMSCs Wistar rats Femur defect
model

In young male rats, bone defect
repair seemed to be less effective

when L-pNIPAM-co-DMAc
seeded with MSCs was injected.

In aged rats, an increase in runx2
was found in rats treated with

L-pNIPAM-co-DMAC with HAna
and MSC, suggesting an
improved osteogenicity

[52]

PCL, Col, and
nano-HA BMSCs Mice Femur defect

model

Combined with a bone allograft
restored donor-site periosteal
bone formation, reversing the

poor biomechanics of bone
allograft healing

[53]

Matrigel Tonsil-derived
MSCs

Sprague
Dawley rats Osteoradionecrosis

Bone regeneration and mineral
density were better in the group

transplanted immediately
after trauma

[54]

PCL
Gingival cells,
BMSCs, and

PDLC
Sheep Periodontal defect

model
The PDLC group showed an

enhanced bone formation [55]

Fibrinogen and
gelatin

Endothelial cells
and MSCs

Sprague
Dawley rats

Critical-sized
calvarial defects

When the cells in the scaffolds
were separated by a distance of
<200 µm, an elevated number of

blood vessels was shown and
major bone regeneration

[56]
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Table 1. Cont.

Biomaterial MSCs Species Model Results Ref.

HA SHED Wistar rats Alveolar bone
defect model

Improved alveolar bone
defect regeneration [57]

HA matrix with
PLGA DPSCs New Zealand

rabbits

Bilateral
mandibular
critical-sized

defects

Induced new bone formation and
angiogenesis. The scaffold

without DPSCs was
less efficacious

[58]

TCP–PLGA scaffolds
Osteogenic

differentiated
ADMSCs

Miniature pigs Mandibular defect
model

Increased bone volume and
osteocalcin deposition; the
scaffold without cells was

less efficacious

[59]

Alginate-based
hydrogel modified
with dopamine and

methacrylate
residues and with
HA microparticles

GMSCs

Beige nude
XID III (nu/nu)

mice;
Sprague

Dawley rats

Subcutaneous
model;

Peri-implantitis
model

Induced a complete
bone regeneration [60]

Self-crosslinking
thiolated hyaluronic

acid/type I Col I
blend hydrogel and

biphasic calcium
phosphate ceramics

BMSCs New Zealand
rabbits

Osteochondral
defect model

The BMSCs/chondrocyte scaffold
promoted bone regeneration [61]

ADMSCs: adipose-derived MSCs; BMSCs: bone marrow-derived MSCs; C/ABB: chitosan/anorganic bovine bone; Col: collagen; DMAc:
N,N′–dimethylacrylamide; DPSCs: dental pulp stem cells; GMSCs: gingival MSCs; HA: hydroxyapatite; HCCS: HA Col calcium silicate;
HAna: HA nanoparticles; JBMMSCs: jaw bone marrow-derived MSCs; MSCs: mesenchymal stem cells; NIPAM: N-isopropylacrylamide;
PCL: polycaprolactone; PDA: polydopamine; PDLC: periodontal ligament cells; PLGA: polylactic polyglycolic acid; PVA: polyvinyl alcohol;
SHED: stem cells from human exfoliated deciduous teeth; TCP: tri-calcium phosphates.

A chitosan/anorganic bovine bone (C/ABB) scaffold seeded with human jaw bone
marrow-derived MSCs (JBMMSCs) showed greater new bone and cementum formation
compared to a control. The evaluation of osteocalcin by immunohistochemistry indicated
the presence of osteogenesis in the C/ABB group with cells, as well as in the group
transplanted with a chitosan scaffold and cells [49].

New bone formation was also visible in rats with critical-sized calvarial defects im-
planted with polydopamine (PDA)-laced HA Col calcium silicate (HCCS) with osteogenic
MSC aggregates, while the scaffold without MSCs showed limited osteoconductivity. Ad-
ditionally, dopamine plays a main role in bone regeneration given that MSC-seeded HCCS,
without PDA, were found to induce less bone formation compared to the scaffold enriched
with PDA [50].

In another study, Bio-Oss® was tested in combination with concentrated growth
factors (CGFs) or BMSCs on bone regeneration for maxillary sinus floor augmentation in
beagle dogs. The new formed bone and hardness were similar in the two groups, while
they were lower in the group with Bio-Oss® alone, indicating that the newly formed bone
in groups treated with Bio-Oss® and BMSCs or CGFs may be more mature [51].

In another study, Laponite® was crosslinked with N-isopropylacrylamide (NIPAM)
and N,N′–dimethylacrylamide (DMAc) to form a hydrogel delivery system (L-pNIPAM-
co-DMAc) loaded with HA nanoparticles (HAna). L-pNIPAM-co-DMAc implanted in a
rat femur defect model for four weeks was shown to be biocompatible. In young male
rats, bone defect repair seemed to be less effective when L-pNIPAM-co-DMAc seeded with
MSCs was injected. In aged rats, histological analysis did not show a better repair when
MSCs were incorporated within L-pNIPAM-co-DMAc and HAna. However an increase in
runx2 was found in rats treated with L-pNIPAM-co-DMAC, HAna, and MSC, suggesting
an improved osteogenicity when MSCs were injected [52].
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A biomimetic tissue-engineered periosteum (TEP) composed of PCL, type I Col, and
nano-HA composite nanofiber sheets seeded with BMSCs, combined with a bone allograft,
restored donor-site periosteal bone formation, reversing the poor biomechanics of bone
allograft healing [53].

Tonsil-derived MSCs mixed with Matrigel may represent also a valid approach for
osteoradionecrosis, especially when applied immediately after damage. Indeed, bone
regeneration and mineral density were found to be better in the group transplanted imme-
diately after trauma with tonsil-derived MSCs compared to those receiving tonsil-derived
MSCs after four weeks [54].

The regenerative capacity of a biphasic scaffold consisting of bone and periodontal
ligament enriched with gingival cells, BMSCs, and periodontal ligament cells (PDLCs) was
studied, and it was demonstrated to be well-integrated with the surrounding tissue in a
periodontal defect model in sheep. The PDLC group showed enhanced bone formation
compared with the empty scaffold, while the group with gingival cells showed less bone
formation [55].

Another study, using co-culture of endothelial cells and MSCs, suggested that the
distance between the two type of cells in 3D printed co-culture may influence angiogenesis
and bone regeneration. When the cells in the scaffolds were separated by a distance of
<200 µm, an elevated number of blood vessels was shown and major bone regeneration [56].

HA is among the most used biomaterials for scaffold construction. Interestingly, an
HA scaffold enriched with stem cells from human exfoliated deciduous teeth (SHED) was
proven to be an effective agent in alveolar bone defect regeneration, increasing osteopro-
tegerin (OPG) and decreasing RANKL, leading to a reduction of osteoclastogenesis [57].
Additionally, the association of an HA matrix with PLGA enriched with human DPSCs
induced new bone formation and angiogenesis, leading to lesion size reduction in rab-
bits with bilateral, mandibular, critical-sized defects. Interestingly, the scaffold without
DPSCs was less efficacious [58]. Another composite TCP–PLGA scaffold with osteogenic
differentiated adipose-derived MSCs (ADMSCs) increased bone volume and osteocalcin
deposition when integrated in the mandibular critical-sized defects in a minipig model.
On the contrary, the scaffold without cells was less efficacious [59].

In another study, alginate was modified with dopamine and methacrylate residues,
to increase its adhesive properties, and combined with HA microparticles. Specifically, to
induce osteogenesis, HA microparticles were incorporated into GMSC aggregates, and
the resulting HA/GMSC aggregates were encapsulated into the hydrogel. The hydrogel,
subcutaneously implanted in mice, was shown to be biodegradable, biocompatible, and
osteoconductive. Moreover, in a rat peri-implantitis model, the transplantation of hydrogel-
encapsulating GMSCs induced complete bone regeneration [60].

Recently, an injectable, self-crosslinking, thiolated hyaluronic acid/type I Col I blend of
hydrogel and biphasic calcium phosphate ceramic combined with BMSCs and chondrocytes
was used to fabricate a new bi-layer scaffold. The BMSC/chondrocyte-loaded bi-layer
scaffold promoted bone regeneration in an osteochondral defect model [61].

These studies indicated the efficacy of MSC-seeded scaffolds for bone regeneration
in different in vivo models. Various biomaterials and MSC sources were used in these
studies. Interestingly, some studies clearly showed that MSC-seeded scaffolds increase
bone formation compared to unseeded ones, evidencing the success of the combination of
scaffolds with MSCs.

4.2. In Vivo Studies Comparing Different Biomaterials or Scaffold Features in Association with
MSCs for Bone Regeneration

With the aim to define the most appropriate biomaterials, some studies compared scaf-
folds made of different biomaterials, different composites, and different scaffold features.
A summary of the studies described in this section is available in Table 2. Specifically, one
study investigated the effects of three different scaffolds made of polyamide, PLGA, or
decellularized amniotic membrane seeded with ADMSCs for bone regeneration of calvarial
defects in a rabbit model. In the control group, the defect was covered with non-seeded
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scaffolds. Only minimal bone regeneration was visible after two weeks of wound healing,
while it became more evident after four weeks in all groups compared to controls. A more
complete defect closure was found in all the cell-seeded groups after eight weeks. However,
the animals treated with polyamide scaffolds showed the best results. These results may
indicate that MSC-seeded polyamide scaffolds may be more useful for bone regenera-
tion [62]. Moreover, DPSCs with three different scaffolds, made of L-lactide and DL-lactide
(PLDL), a copolymer of DL-lactide (PDL) or HA/TCP, respectively, were transplanted in
mice. The expression of genes involved in different processes during odontogenic differ-
entiation, such as dentin sialo-phosphoprotein (DSPP), dentin matrix protein-1 (DMP1),
enamelysin/matrix metalloproteinase 20 (MMP20), and phosphate-regulating gene with
homologies to endopeptidases on X chromosome (PHEX), were evaluated. A decreased
expression of enamelysin/MMP20 was found in PLDL and HA/TCP at 12 weeks, while
all other expressions increased and reached the greatest level at 12 weeks. The PDL group
showed the greatest DSPP expression, while the HA/TCP group showed the greatest DMP1
expression. The greatest expression of PHEX was found in the PLDL group. Consequently,
PLDL and PDL enriched with DPSC seem to be promising scaffolds for odontogenic
regeneration, as does HA-TCP [63].

Table 2. Overview of the studies comparing different scaffolds enriched with MSCs for bone regeneration in in vivo models.

Biomaterial MSCs Species Model Results Ref.

Polyamide, PLGA,
or decellularized

amniotic
membrane

ADMSCs Rabbits Calvarial defects Polyamide scaffolds showed the
best results [62]

PLDL, PDL, and
HA/TCP DPSCs Immunocom-

promised mice
Subcutaneous
implantation

PLDL, PDL, and HA-TCP enriched
with DPSC seemed to be promising

scaffolds for odontogenic regeneration
[63]

Col membrane
with and without

TCP material
BMSCs Sprague Dawley

rats
Critical-sized

calvarial defects

The hardness of the new bone was
similar to the native bone in groups
with the Col membrane with and

without cells. The bone in the group
treated with Col membrane, TCP, and

BMSCs showed a greater elasticity

[64]

20% HA/80% TCP,
60% HA/40% TCP,

or Bio-Oss
ABMSCs Mice

Ectopic
transplantation

model

ABMSCs with both HA/TCP scaffolds
increased bone regeneration; Bio-Oss
did not induce new bone formation

when loaded with ABMSCs

[65]

Alginate hydrogels
containing BMP-2 SHED C57BL/6 mice Subcutaneous

Scaffold with smaller pores and greater
elasticity was found to potentially
induce greater bone regeneration

[66]

Nanofibrous PLLA
scaffolds with

different pore sizes
BMSCs Mice Subcutaneous

implantation
Bone volume increased with the

increase of pore size [67]

PDA-laced HCCS
scaffolds with
different pore
dimensions

MSCs Sprague Dawley
rats

Critical-sized
calvarial defects

New bone formation was observed
after the implantation of the scaffold

with pores of the size of 500 µm;
instead, the scaffolds with 250 µm

pores induced only a minimal
bone formation

[68]

βTCP with or
without

nano-diamond
particles

BMSCs Merino sheep
Lateral

augmentation of
the mandible

βTCP with nano-diamond
particles induced more bone formation;

MSC addition resulted in
little difference

[69]
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Table 2. Cont.

Biomaterial MSCs Species Model Results Ref.

HA-based
bioceramic scaffold
10% of strontium

BMSCs
NOD.CB17-

PrkdcSCID/Jmice;
sheep

Ectopic bone
formation; femoral

critical-sized
defects

The scaffolds containing 10% of
strontium induced bone formation and

osteogenic differentiation of MSC
[70]

ADMSCs: adipose-derived MSCs; BMP: bone morphogenetic protein; BMSCs: bone marrow-derived MSCs; DPSCs: dental pulp stem cells;
HA: hydroxyapatite; HCCS: HA Col calcium silicate; MSCs: mesenchymal stem cells; PDA: polydopamine; PDL: copolymer of DL-lactide;
PLDL: L-lactide and DL-lactide; PLGA: polylactic polyglycolic acid; PLLA, poly(L-lactic acid); SHED: stem cells from human exfoliated
deciduous teeth; TCP: tri-calcium phosphates.

Another study evaluated the guided bone regeneration of a calvarial, critical-sized
defect using BMSCs and a Col membrane with and without TCP material. The results
showed that the hardness of the new bone was similar to the native bone in the groups
with the Col membrane with and without cells. Instead, the bone in the group treated with
Col membrane, TCP, and BMSCs showed a higher elasticity [64].

In composite scaffolds, the different percentages of biomaterials may influence bone
regeneration. ABMSCs were transplanted using an HA/TCP scaffold or the slowly resorb-
ing biomaterial Bio-Oss in a murine ectopic transplantation model. Specifically, different
HA/TCP percentages were used: 20% HA/80% TCP and 60% HA/40% TCP. ABMSCs
with HA/TCP scaffolds increased bone regeneration in the ectopic transplantation model
with the significant increase of osteoblasts. On the contrary Bio-Oss did not induce new
bone formation when loaded with ABMSCs. Positive immunostaining for the bone tissue
formation markers ALP, RUNX-2, OCN, and OPN was observed with HA/TCP, and in
particular, the 60% HA/40% TCP composite showed more positively stained cells. On
the contrary, only a limited expression of osteogenic markers was evident with Bio-Oss.
Conversely, there was a minimal osteoclast presence with Bio-Oss but a significant presence
of osteoclasts with both 20% HA/80% TCP and 60% HA/40% TCP scaffolds [65].

However, in addition to biomaterials, scaffold features can influence bone forma-
tion. Interestingly, alginate hydrogels containing BMP-2 with smaller pores and greater
elasticity may induce greater bone regeneration, preventing MSC apoptosis induced by
pro-inflammatory cytokines. Indeed, SHED encapsulated in hydrogel with a greater elastic-
ity showed a reduced expression of NF-kB p65 and Cox-2 in vivo. The results may indicate
that the mechanical features and microarchitecture of the scaffold influenced the fate of the
encapsulated MSCs [66].

It was shown that nanofibrous PLLA scaffolds seeded with BMSCs induced bone
regeneration, and bone volume increased with the increase of pore size [67]. Similarly,
nanocomposite PDA-laced HCCS scaffolds seeded with MSCs implanted in rats with
critical-sized defect induced different bone regeneration levels depending on the pore
dimension. New bone formation and bone regeneration were observed after the implanta-
tion of scaffolds with 500-µm-sized pores, while scaffolds with 250-µm-sized pores only
induced minimal bone formation [68].

βTCP with nano-diamond particles induced more bone formation compared to βTCP
alone because a nano-diamond coating is used to bind proteins to material surfaces and to
enhance MSC attachment. The enrichment with MSCs resulted in little difference compared
with the scaffold without cells [69].

A strontium-substituted, HA-based bioceramic scaffold (SrHAB) was tested for its
capacity to induce bone regeneration. The scaffolds containing 10% of strontium induced
bone formation and the osteogenic differentiation of MSC from human and ovine sources
in ectopic bone formation in mice and in ovine models, respectively [70].

These studies evidenced that different biomaterials may be more useful for bone
regeneration with MSCs. Interestingly, scaffold features may also influence the regenerative
processes, even in the presence of MSCs. As such, the understanding of the best scaffold
characteristics is important to create the best scaffold that will be used in clinical practice
along with MSCs.
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4.3. In Vivo Studies Using Scaffolds Enriched with Biomolecules and MSCs for Bone Regeneration

The enrichment of scaffolds with biomolecules, such as BMPs, can also improve bone
regeneration. A summary of the studies described in this section is available in Table 3.

Table 3. Overview of the studies using scaffolds enriched with MSCs and biomolecules for bone regeneration in in vivo models.

Scaffold MSCs Enrichment Species Model Results Ref.

TCP scaffolds

BMSCs with
endothelial
progenitor

cells

PLGA
microspheres

releasing
VEGF

Mongrels Mandibular
defects

Bone formation was greatest
in the VEGF/MSC scaffold,

followed by the
VEGF/MSC/EPC and

MSC/EPC scaffolds

[71]

Alginate-
chitosan

beads
MSCs

BMP-2 or
basement

membrane
proteins

Mice Cranial defect Induced bone repair [72]

Nano-HA
(nHA)/Gel/Gel

microsphere
BMSCs BMP-6

Sprague
Dawley

rats

Critical-sized
calvarial defects

The new bone was larger
with the

BMP-6-loaded scaffolds
[73]

nHA/Col
I/multi-walled

carbon nanotube
BMSCs BMP-9

Sprague
Dawley

rats

Critical-sized
calvarial defects

The enrichment with BMP-9
increased bone formation [74]

Heparin-
conjugated Col

hydrogel
reinforced by 3D

printed
β-TCP-based
bioceramic

DPSCs BMP-2
Male Fischer

344
rats

Subcutaneous
implantation

A greater new bone
formation was found when
heparin was present. BMP-2
increased the expression of

genes involved
in osteogenesis

[75]

PCL
biomembranes BMSCs BMP-2 Nude mice Maxillary bone

lesion

BMSCs and BMP-2
accelerated the bone
remodeling process

[76]

Nanofibrous PCL
scaffold BMSCs

pDNA
encoding

for human
BMP-2

Sprague
Dawley rats

Calvarium
defect

Increased the regenerated
bone volume, and this
composite induced the

formation of more dense
bone-like structures

[77]

BMP: bone morphogenetic protein; BMSCs: bone marrow-derived MSCs; Col: collagen; DPSCs: dental pulp stem cells; Gel: gelatin; HA:
hydroxyapatite; PCL: polycaprolactone; pDNA: plasmid DNA; TCP: tri-calcium phosphates.

Khojasteh et al. evaluated the ability of MSCs delivered using TCP scaffolds in combi-
nation with endothelial progenitor cells (EPCs) and/or coated with PLGA microspheres
releasing VEGF in the repair of dog mandible bone defects. Bone formation was greatest in
the VEGF/MSC scaffold, followed by the VEGF/MSC/EPC and MSC/EPC scaffolds. The
results indicated that new bone regeneration was greater in scaffolds containing MSCs in
the presence of both EPC and VEGF. Moreover, osteoblast-like cells were often observed in
the MSC-seeded groups. However, the greatest bone formation that occurred when the
VEGF/MSC scaffold was implanted might have been due to the greater number of MSCs
seeded in the VEGF-containing scaffolds than in those containing EPC [71].

Alginate-chitosan beads enriched with MSCs and BMP-2 or basement membrane
proteins induced bone repair in a murine cranial non-union defect, narrowing the defect
and inducing the formation of osteoid tissue [72].

An osteoinductive scaffold composed of BMP-6-loaded nano-HA (nHA)/Gel/Gel
microsphere pre-seeded with MSCs was tested in critical-sized calvarial bone defects in
rats. These scaffolds were cytocompatible and enhanced new bone formation. Interestingly,
the new bone at the lesion site was larger with the BMP-6-loaded scaffolds compared with
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the BMP-6-free scaffolds [73]. A nHA/Col I/multi-walled carbon nanotube (MWCNT)
composite scaffold loaded with recombinant BMP-9 enhanced bone formation in vivo.
Specifically, the scaffold was able to stimulate new bone formation, and the enrichment
with BMP-9 increased this effect [74]. Fahimipour et al. developed a construct with
heparin-conjugated Col hydrogel immobilizing BMP-2, reinforced by 3D printed β-TCP-
based bioceramic scaffold. In vivo mineralized tissue was found in rats implanted either
with the scaffold enriched with MSCs and heparin or the scaffold with MSCs but without
heparin. However, greater new bone formation was found when heparin was present.
Moreover, BMP-2′s presence increased the expression of genes involved in osteogenesis [75].
Additionally, BMP-2-functionalized PCL biomembranes enriched with BMSCs implanted
in a maxillary bone lesion were found to induce bone regeneration. In particular, the
presence of BMSCs and BMP-2 accelerated the bone remodeling process [76].

Malek-Khatabi et al. evaluated the effects of the microfluidic-assisted synthesis of
plasmid DNA (pDNA)-based chitosan nanocomplex platforms for bone tissue engineering.
In particular, pDNA encoding for human BMP-2 was used. The nanocomplexes were
immobilized on a nanofibrous PCL scaffold functionalized with metalloprotease-sensitive
peptides. In a rat calvarial defect model, the implantation of MSCs into loaded PCL
membranes demonstrated a significant increase in the regenerated bone volume, and this
composite induced the formation of more dense bone-like structures [77].

These studies indicated that the addition of biomolecules improved bone forma-
tion, enhancing the efficacy of the scaffolds enriched with MSCs. The addition of BMPs,
especially, was tested in different models. Indeed, BMPs play a major role in bone regener-
ation [78].

4.4. In Vivo Studies Using Scaffolds Enriched with Genetically Modified or Pre-Treated MSCs for
Bone Regeneration

Another strategy to enhance bone formation may be to genetically modify or pretreat
MSCs. An overview of the studies described in this section is available in Table 4. A
bioactive glass nanoparticle (BGN) system can be used for the gene delivery of BMP-2
pDNA into MSCs that, in turn, target the bone. The MSCs transfected with BGN containing
BMP-2-pDNA were delivered to the calvarium defects through a Col gel. The results
indicated an improvement in bone regeneration. Specifically, improvements in bone
volume, bone surface area, and surface density compared with MSCs treated with gene-
free BGN were observed. However, MSCs treated with gene-free BGN also showed some
bone formation, indicating that the BGN alone can, at least in part, stimulate the osteogenic
development of MSCs [79].

Table 4. Overview of the studies using scaffolds enriched with pre-treated or genetically modified MSCs for bone regenera-
tion in in vivo models.

Scaffold MSCs Species Model Results Ref.

Col gel
BMSCs transfected

with BMP-2 plasmid
DNA

Sprague Dawley
rats

Calvarium
critical-sized defect Improved in bone regeneration [79]

HA scaffold BMSCs for OPG
delivery

Sprague Dawley
rats

Critical-sized bone
defects were

created in the rat
mandibles

The genetically modified
BMSCs group showed the

greatest level of mineralized
new bone

[80]

Bio-Oss DMP1-transduced
BMSCs Beagles Maxillary sinus

floor augmentation
Promoted of new bone

formation [81]

Calcium
phosphate cements

Pre-osteoinduced or
BMP-2 transduced

iPSMSCs in alginate
microbeads

Nude rats Cranial bone
defects

New bone area fraction was
greater when iPSMSCs

transduced with BMP-2 were
used, followed by

pre-osteoinduced iPSMSCs

[82]
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Table 4. Cont.

Scaffold MSCs Species Model Results Ref.

Col sponge
BMSCs

pre-treatment with
N-acetyl-L cysteine

Sprague Dawley
rats Femur bone defect

Pre-treatment of BMSCs with
NAC before transplantation
enhanced bone regeneration

[83]

β-TCP miRNA-21-modified
BMSCs Labrador dogs mandibular defect

model

A greater volume of new bone
formation was found in the

miRNA-21 group compared to
the control group

[84]

Hydrogels made of
fibrin and

plasmonic gold
nanoparticles

BMP-2-expressing
MSCs

C3H/HeNRj
mice

Critical-sized
calvarial defects

Formed of new
mineralized tissue. [85]

Biphasic calcium
phosphate (MBCP)

blocks

PDLSC pretreatment
of recombinant
human BMP-2

BALB/c nude
mice

Subcutaneous
transplantation

rhBMP-2 pretreated hPDLSC
sheets showed greater

mineralized tissue formation
and Col ligament deposition

compared to not pretreated cells

[86]

Apatite/PLGA
scaffold

Trb3 overexpressing
MSCs

CD-1 nude mice;
Sprague

Dawley rats

Calvarial defect
model;

critical-sized
mandible defects

Induced bone regeneration [87]

BMP: bone morphogenetic protein; BMSCs: bone marrow-derived MSCs; Col: collagen; DMP1: dentin matrix protein-1; HA: hydroxyapatite;
iPSMSCs: induced pluripotent stem cell-derived MSCs; OPG: osteoprotegerin; PDLSCs: periodontal ligament stem cells; PLGA: polylactic
polyglycolic acid; TCP: tri-calcium phosphates; Trb3: Tribbles homolog 3.

A new approach to increase bone formation was tested by genetically modifying
BMSCs for OPG delivery using an HA scaffold in critical-sized mandibular bone defects in
ovariectomy-induced osteoporotic rats. The genetically modified BMSCs group showed the
greatest level of mineralized new bone both at four and eight weeks, followed by the group
with unmodified cells. On the contrary, HA alone only showed small amounts of new
bone. Interestingly, the HA-OPG-BMSC constructs reduced osteoclastogenesis [80]. The
combined use of DMP1-transduced BMSCs and Bio-Oss was shown to promote new bone
formation and osseointegration in maxillary sinus floor augmentation implants in dogs [81].
Calcium phosphate cements (CPCs) are promising for dental repairs. Wang et al. developed
an injectable cell delivery system based on the encapsulation of induced pluripotent stem
cell-derived MSCs (iPSMSCs) in alginate microbeads, which were, in turn, dispersed in
CPC. Specifically, iPSMSCs were pre-osteoinduced for two weeks or transduced with
BMP-2. In vivo, the formation of the new bone area fraction was better when iPSMSCs
transduced with BMP-2 were used, followed by pre-osteoinduced iPSMSCs. Cell-CPC
constructs accelerated scaffold resorption [82].

It was found that a type I Col sponge containing BMSCs with N-acetyl-L cysteine
(NAC) treatment implanted in critical-sized rat femur defects reduced the number of
apoptotic cells while increased surviving cells at the transplantation site. Moreover, new
bone formation was enhanced. These data suggested that pre-treatment of BMSCs with
NAC before transplantation enhanced bone regeneration, increasing resistance to oxidative
stress-induced apoptosis at the transplantation site [83].

In order to study the role of miRNA-21 in osteogenesis, miRNA-21-modified BMSC/β-
TCP composite scaffolds were implanted into canine alveolar bone critical-sized defects. A
greater volume of new bone formation was found in the miRNA-21 group compared to the
control group, showing that miRNA-21 had a main role in inducing bone regeneration [84].

A study combined inducible transgene expression and near infrared (NIR)-responsive
hydrogels technologies with the aim to develop a new strategy for bone regeneration. MSCs
were genetically engineered in order to obtain the heat-activated and dimerizer-dependent
transgene expression of BMP-2. These MSCs were seeded on hydrogels made of fibrin
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and plasmonic gold nanoparticles that transduced the incident energy of an NIR laser
into heat. When a dimerizer was present, photoinduced mild hyperthermia led to the
release of bioactive BMP-2 from the NIR-responsive cell constructs. In animals that were
treated with a dimerizer, the NIR irradiation of implants induced BMP-2 production in the
bone lesion, resulting in the formation of new mineralized tissue. Interestingly, 10 weeks
after implantation, no animals showed traces of the hydrogels [85]. The regeneration
of cementum and periodontal ligaments through the use of PDLSC sheet engineering
technology with the pretreatment of recombinant human BMP-2 (rhBMP-2) was evaluated.
Specifically, PDLSCs were pretreated with rhBMP-2, grafted onto micro/macro-porous
biphasic calcium phosphate (MBCP) blocks, and finally implanted in mice. Interestingly,
PDLSCs were viable for four weeks. rhBMP-2-pretreated hPDLSC sheets showed greater
mineralized tissue formation and Col ligament deposition compared to not pretreated
cells. Moreover, pretreated hPDLSC sheets promoted cementum-like mineralized structure
formation [86].

Fan et al. induced the overexpression of Tribbles homolog 3 (Trb3), which plays a
role in cell differentiation, in MSCs. The in vivo transplantation of MSCs overexpressing
Trb3 seeded on an apatite/PLGA scaffold induced bone regeneration in a calvaria defect
model [87].

These studies evidenced that genetically modified MSCs may be more useful than
native MSCs in association with scaffolds for bone regeneration. Indeed, both genetic
modification and pretreatment can improve MSC features or induce the expression of
favorable growth factors.

4.5. In Vivo Studies Using Scaffolds Enriched with MSCs from Different Sources for
Bone Regeneration

Some studies also evaluated the different abilities of MSCs obtained from various
sources in inducing bone regeneration. An overview of the studies described in this
section is available in Table 5. Wang et al. investigated the use of platelet-rich fibrin (PRF)
combined with PDLSC and JBMMSC sheets for periodontal tissue engineering. PDLSC
sheet/PRF/JBMMSC sheet composites were positioned in a simulated periodontal space
made of a human-treated dentin matrix and HA/TCP. Eight weeks after implantation,
the PDLSC sheets developed into periodontal ligament-like tissues, while the JBMSC
sheets tended to predominantly produce bone-like tissues. Blood vessel formation was
observed in the newly formed tissues. Instead, no cementum-like structures were found.
These findings suggested that PDLSC sheets tended to form fiber tissues, but JBMMSC
sheets may be more prone to form new bone. Thus, their combination may induce new
periodontal ligament and bone tissues for periodontal tissue regenerative approaches [88].
Freitas et al. evaluated the bone repair of rat calvarial defects using a poly(vinylidene-
trifluoroethylene)/barium titanate (PVDF-TrFE/BT) membrane alone or one injected with
BMSCs or ADMSCs differentiated toward osteoblastic cells. These derived osteoblastic cells
were detected in bone defects after cell injection for 25 days. Osteoblastic cells from BMSCs
with the PVDF-TrFE/BT membrane increased bone formation, bone volume, bone volume
percentage, bone surface, and trabecular number, while those derived from ADMSCs
were not able to enhance bone repair [89]. Another study evaluated the angiogenic and
osteogenic potential of a CPC scaffold seeded with human umbilical vein endothelial cells
(hUVECs) and MSCs from different origins. In particular, the different MSC types were:
human umbilical cord MSCs (hUCMSCs), human BMSCs, MSCs from induced pluripotent
stem cells (hiPSC-MSCs), and embryonic stem cells (hESC-MSCs). The new bone and
blood vessel density of cocultured groups were greater than those of the CPC without cells
and CPC with BMSCs. However, the coculture of hUVEC with hUCMSCs, hiPSC-MSCs,
and hESC-MSCs showed new bone and vessel density similar to the coculture of hUVEC
with BMSCs. The results suggested that hUCMSCs, hiPSC-MSCs, and hESC-MSCs may
represent alternative cell sources to BMSCs [90]. Another scaffold made of polyvinyl
alcohol (PVA)-PCL-HA-based bioceramic (HAB) seems to be promising in the dentistry
field. PVA-PCL-HAB scaffold implantation did not cause inflammation in mice. Through
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histologic examination, it was possible to find areas of bone formation in implants enriched
with BMSCs or DPSCs. Interestingly, PVA-PCL-HAB implants were vascularized [91].

Table 5. Overview of the studies that compared different MSC sources in combination with scaffold for bone regeneration
in in vivo models.

Scaffold MSCs Species Model Results Ref.

Dentin matrix and
HA/TCP

platelet-rich fibrin
PDLSCs and

JBMSCs
Nude mice

Simulated periodontal
space comprising

human treated dentin
matrix and HA/TCP

frameworks

PDLSC sheets developed into
periodontal ligament-like

tissues, while the JBMSC sheets
tended to predominantly
produce bone-like tissues

[88]

PVDF-TrFE/BT
membrane

BMSCs or
ADMSCs

differentiated
toward

osteoblastic cells

Wistar rats Calvarial defect

Osteoblastic cells from BMSCs
with the PVDF-TrFE/BT

membrane increased bone
formation, bone volume, bone

volume percentage, bone
surface, and trabecular number,

while those derived from
ADMSCs were not able to

enhance bone repair

[89]

CPC scaffold

hUVECs and
hUCMSCs, BMSCs,

hiPSC-MSCs, or
hESC-MSCs

Rats Critical-sized cranial
defect

The coculture of hUVEC with
hUCMSCs, hiPSC-MSCs, and

hESC-MSCs showed new bone
and vessel density similar to the

coculture of hUVEC
with BMSCs.

[90]

PVA-PCL-HA-
based

bioceramic
BMSCs or DPSCs NOD-SCID

mice
Ectopic bone

formation New bone formation was found [91]

PCL PMSCs and
BMSCs

Sprague
Dawley rats

Femoral critical-sized
bone defect

New bone formation was found
in the group implanted with the
PMSC-enriched scaffold, while
no healing was observed when

the scaffold was seeded
with BMSCs

[92]

Anorganic bone
mineral coated

with a biomimetic
Col peptide
(ABM-P-15)

DPSCs and BMSCs MF1 Nu/Nu
mice

Intraperitoneal
transplantation

DPSCs showed a better
osteogenic capacity [93]

NanoBone scaffold GMSCs and
BMSCs

New Zealand
rabbits

Tibiae bone
defects

The transplantation of GMSCs
and BMSCs loaded onto the

NanoBone showed better bone
regeneration compared to the

scaffold without cells.
Interestingly, no difference was
found in the new bone formed

by the scaffolds loaded with
GMSCs or BMSCs

[94]

ADMSCs: adipose-derived MSCs; BMSCs: bone marrow-derived MSCs; CPC: calcium phosphate cements; DPSCs: dental pulp stem cells;
GMSCs: gingival-derived MSCs; HA: hydroxyapatite; PCL: polycaprolactone; PVA: polyvinyl alcohol; PVDF-TrFE/BT: poly(vinylidene-
trifluoroethylene)/barium titanate; TCP: tri-calcium phosphates.

In rats with a critical-sized defect, more new bone formation was found in the group
implanted with PCL enriched with periosteum-derived MSCs (PMSCs) compared to a
control, while no healing was observed when the scaffold was seeded with BMSCs. In-
terestingly, the PMSCs showed longer survival times than BMSCs [92]. Human DPSCs
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and BMSCs were evaluated together with anorganic bone mineral (ABM) coated with a
biomimetic Col peptide (ABM-P-15) for their capacity to improve bone formation. DPSCs
showed a better osteogenic capacity. ABM-P-15 promoted DPSCs’ osteogenic differentia-
tion and bone matrix formation. DPSCs seeded on ABM-P-15 scaffolds showed the better
formation of an organized collagenous matrix compared to ABM alone in vivo [93].

Additionally, the regenerative capacity of GMSCs and BMSCs loaded onto a NanoBone
scaffold, formed by HA nano-crystalline particles embedded in an amorphous silica gel
matrix, was evaluated and compared with an unseeded scaffold. The transplantation of
GMSCs and BMSCs loaded onto the NanoBone showed better bone regeneration compared
to a scaffold without cells. Interestingly, no difference was found in the new bone formed
by the scaffolds loaded with GMSCs or BMSCs, indicating that GMSCs represent a good
alternative to BMSCs [94].

These studies indicated that different MSC sources may be useful for bone regenera-
tion. Specifically, these studies suggested that different MSC sources other than BMSCs,
which require an invasive procedure for collection, can be used.

5. Future Perspective: Cell-Free Approach

In recent years, new research in tissue engineering had proposed the use of cell-free
therapies in order to avoid the ethical concerns in the use of whole cells. Moreover, MSCs
have shown a limited survival when transplanted in vivo [95–97]. As widely reported,
MSCs synthesize and release many growth factors, proteins, and free nucleic acids into the
CM [16,98]. MSCs’ secretome, both CM and EVs, can be effective in repairing bone defects,
as well as in other regenerative fields [17,18,99]. Moreover, it was reported that PDLSC-
derived CM contains various cytokines, including interleukins and TGF-β [100,101]. EVs
and exosomes (EXOs) in particular may also play central roles in cell-free therapies. EVs
are vesicles released by MSCs that contain proteins, lipids, mRNA, microRNA, and cy-
tokines. These vesicles release their contents into target cells, modulating their activity
and potentially inducing restorative processes [102]. In addition, EVs’ immunomodulatory
effects makes them suitable for autologous and allogenic therapies [103]. Finally, EVs are
easy to collect. In fact, they can be isolated from MSCs with different origins. OMSCs, such
as GMSCs [104] and PDLSCs [105], produce EVs that have been shown to be useful in some
models for regenerative therapies. Recent studies confirmed that MSC-derived EVs may be
promising for bone regeneration [106,107]. MSC-derived EVs enhance osteoblastic differen-
tiation, improve osteochondral regeneration, and allow for bone defect-healing [108]. Here,
we reviewed the studies that evaluated bone regeneration in in vivo models using bioma-
terials enriched with the MSC secretome. With this aim, we performed a PubMed search
using the keywords mesenchymal stem cell, conditioned medium, exosome, extracellular
vesicle, and oral bone regeneration. Specifically, some molecules, such as MCP-1, IGF-1,
VEGF, and TGF-β, may play central roles in bone regeneration. Indeed, CM depleted of
these growth factors did not show beneficial effects in bone repair, while a mixture of these
factors showed similar effects to CM [109,110]. An overview of the studies described in
this section is available in Table 6.
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Table 6. Overview of the studies using the MSC secretome in combination with biomaterial for bone regeneration in in vivo models.

Secretome MSC Source Biomaterial Species Model Results Ref.

CM or cytokine cocktail
that mimics the CM BMSCs Atelocollagen sponge Wistar/ST rats Calvarial bone defects

Bones regenerated thanks to the
recruitment of endogenous stem

cells and endothelial cells
[110]

CM MSCs Atelocollagen Wistar/ST rats Calvarial bone defect model New bone formation [111]

CM BMSCs Col sponge Sprague Dawley rats;
BALB/C mice

Calvaria defect model;
inflammatory bone loss Enhanced bone volume [112]

CM SHED Atelocollagen sponge Deficient mice
(BALB/c-nu) Calvarial bone defect model Enhanced bone regeneration

and angiogenesis [113]

CM BMSCs cultured under
cyclic stretch stimulation Col sponge Mice Calvarial defect model

Bone regeneration and angiogenesis
were enhanced by CM obtained

from the cyclic stretch culture group
[114]

CM GMSC and PDLSC Col membrane Wistar rats Periodontal defect model Newly formed bone and reduced
inflammation [115]

EXO Adipose-derived stem
cells

Polydopamine-coating
PLGA BALB/C mice Calvarial

critical-sized defect
Promoted MSC migration and

homing into the new bone [116]

EXO MSCs Col/III sponges Sprague Dawley rats Periodontal defect model Regenerated bone and
periodontal tissues [117]

EXO overexpressing
miR-375

Adipose-derived
stem cells

overexpressing miR-375

Hydrogel consisting of
thiol-modified

hyaluronan, HA and
thiol-modified heparin

Sprague Dawley rats Calvarial defects Enhanced bone regeneration [118]

EXO BMSCs Atelocollagen sponges Wistar rats Calvarial
critical-sized defect

Bones regenerated and
angiogenesis occurred [119]

EXO DPSCs

Tri-block
PLGA–PEG–PLGA

micro-spheres
incorporated into a
nanofibrous PLLA

scaffold

C57BL/6 mice Calvarial Defect Bone tissue regenerated [120]
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Table 6. Cont.

Secretome MSC Source Biomaterial Species Model Results Ref.

Small EVs BMSCs Gelatin blended
with Laponite Sprague Dawley rats Periodontitis rat model

Alveolar bone loss, inflammatory
infiltration, and collagen
destruction diminished

[121]

EVs
BMSCs were genetically

modified to constitutively
express BMP-2

Collagen tape Rats Calvarial bone defect Increased bone
regenerative potential [122]

EXO BMSC in
osteoinductive condition

Mesoporous
bioactive glass Rats Critical-sized

calvarial defect New bones formed and regenerated [123]

EVs BMP 2 expressing MSCs
Alginate hydrogel linked
with the RGD domain of

fibronectin
Rats Calvarial bone defect model Enhanced bone regeneration [124]

EVs, or
PEI-engineered EVs GMSCs PLA Wistar rats Calvarial defect

The scaffold containing PEI-EVs,
with or without cells, were able to

improve bone healing
[125]

CM GMSCs PLA scaffold Wistar rats Calvarial defect Good osteogenic capacity
was observed [126]

CM, EVs, or EVs
engineered with PEI PDLSCs Col membrane Wistar rats Calvarial defect Increased bone regeneration in

association with vascularization [127]

CM PDLSCs Evolution membrane Wistar rats Calvarial defect Good osteogenic ability
was observed [128]

EVs GMSCs PLA Wistar rats Calvarial defect Bone regeneration and
vascularization were observed [129]

BMP: bone morphogenetic protein; BMSCs: bone marrow-derived MSCs; CM: conditioned medium; Col: collagen; DPSCs: dental pulp stem cells; EVs: extracellular vesicles; EXO: exosomes; GMSCs:
gingival-derived MSCs; HA: hydroxyapatite; HCCS: HA Col calcium silicate; MSCs: mesenchymal stem cells; PDLSCs: periodontal ligament stem cells; PEI: polyethylenimine; PLA: polylactic acid; PLGA:
polylactic polyglycolic acid; SHED: stem cells from human exfoliated deciduous teeth; TCP: tri-calcium phosphates.
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An atelocollagen scaffold with CM induced new bone formation in a rat calvarial
bone defect model. The CM was shown to contain IGF-1, VEGF, and TGF-β1. Interestingly,
when CM with anti-VEGF antibodies was used, bone regeneration was less efficacious.
Indeed, both blood vessels and the migration of endogenous stem cells were enhanced by
normal CM. The results indicated that VEGF is a main factor for bone regeneration with
angiogenesis [111].

Hwang et al. evaluated the effects on the bone regeneration of CM derived from MSCs
cultivated on a type I Col sponge with or without electrical stimulation. Both the constructs
enhanced bone volume compared to the group that was implanted with MSCs. Moreover,
in a model of bone loss induced by inflammatory cytokines, the group treated with a Col
sponge with electrical stimulation showed better bone healing to levels comparable with
MSCs [112].

Additionally, SHED-derived CM was shown to enhance bone regeneration. In a study
where stem cell- and CM-containing atelocollagen were implanted, bone regeneration was
evident in the defects treated with both stem cells and CM. However, bone regeneration
was more prominent with CM, and mature bone formation and angiogenesis were found
only in the CM group. Interestingly, the CM was shown to contain factors correlated to
angiogenesis such as VEGF, and osteogenesis, including OPG, OPN, BMP-2, and BMP-
4 [113].

Ogisu et al. evaluated the osteogenic activity of CM obtained from BMSCs cultured
under cyclic stretch stimulation. CM in a collagen sponge was administered to a mouse
calvarial defect model, and the results showed that bone regeneration and angiogenesis
were enhanced by CM obtained from the cyclic stretch culture group. Indeed, CM obtained
from cells cultured in the cyclic stretch stimulation contained more BMP-2, BMP-4, and
VEGF-A [114].

CM derived from GMSCs and PDLSCs loaded onto a Col membrane were able to
regenerate periodontal tissue. Newly formed bone in the periodontal defects was observed
with an increased number of Runx2-positive cells. PDLSC-CM and GMSC-CM were also
able to reduce inflammation, decreasing the number of cells positive for TNF-α and IL-1β
while increasing those positive for IL-10, especially in the GMSC-CM group [115].

Katagiri et al. evaluated the effects of a cytokine cocktail that mimics the CM on the
bone regeneration. The cocktail consisted of recombinant human insulin-like growth factor-
1, VEGF-A, and TGF-β1 in concentrations similar to those found in the CM. The cocktail
was tested for its bone regeneration capacity with an atelocollagen sponge in a rat calvarial
bone defect model. In parallel, also CM and CM depleted from these cytokines were
evaluated. Interestingly, both the cytokine cocktail and CM enhanced bone regeneration
thanks to the recruitment of endogenous stem cells and endothelial cells. On the contrary,
cytokine-depleted CM was not efficacious [110]. The same mixture was efficacious for
periodontal tissue repair in class II furcation defects in dogs [130].

A cell-free bone tissue engineering system was created through the combination of
ADMSC-derived EXOs and a PDA-coating PLGA scaffold. The construct was able to
increase bone regeneration through its osteoinductive effects and the capacity to promote
MSC migration and homing into the new bone [116].

In a rat model of periodontal intrabony defects, an EXO-loaded Col sponge repaired
bone defects, increasing new bone formation. Interestingly, the regeneration of periodontal
tissues and periodontal ligament (PDL) improved. Cellular infiltration and prolifera-
tion also increased in rats treated with the EXO Col sponge. The results suggested that
MSC EXOs enhanced regeneration through an increase in cell mobilization and prolifera-
tion [117].

Additionally, EXOs enriched with miR-375, generated from ADMSCs overexpressing
miR-375, were tested in vivo. A hydrogel consisting of thiol-modified hyaluronan, HA, and
thiol-modified heparin was combined with EXOs enriched with miR-375. The construct
enhanced bone regeneration more efficiently than normal EXOs [118].
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Moreover, it was reported that EXOs can induce angiogenesis together with bone
regeneration. Indeed, EXOs implanted in a rat model of calvaria bone defect with an
atelocollagen sponge increased bone formation at two and four weeks after implantation.
Additionally, CM induced positive effects on bone regeneration. In parallel, the accumula-
tion of osteoblast-like cells and vascular endothelial cells was found. Interestingly, when
EXOs with an angiogenesis inhibitor was used, bone regeneration failed [119].

EXOs derived from DPSCs encapsulated in tri-block PLGA–PEG–PLGA microspheres
incorporated into a nanofibrous PLLA scaffold stimulated bone tissue regeneration in vivo
without the need for exogenous stem cell transplantation. Scaffolds containing EXOs from
mineralizing DPSCs showed the best results: a Col-rich matrix, new bone tissue, and
integration with the host tissue [120].

The BMSC-derived small EVs loaded with hydrogel, composed of gelatin blended
with Laponite, were administered into an experimental periodontitis rat model. The
results showed that alveolar bone loss, inflammatory infiltration, and collagen destruction
diminished in the small EV-hydrogel group. Their mechanism of action involved the
OPG-RANKL-RANK pathway [121].

With the aim to increase osteoinductive abilities, MSCs were genetically modified to
constitutively express BMP-2, with the hypothesis that the derived EVs showed enhanced
osteoinductive properties. The derived EVs, loaded onto a collagen tape, showed an
increased bone regenerative potential compared to native EVs in a rat calvarial defect
model. However, it was shown that these EVs did not contain BMP-2, suggesting that they
potentiate the BMP-2 signaling cascade, probably altering miRNA composition [122].

EXOs produced by BMSC in the osteoinductive condition was loaded onto a meso-
porous bioactive glass (MBG) scaffold, where it enhanced new bone formation in a calvaria
defect model [123].

Functionally engineered EVs were isolated from the BMP-2-expressing MSCs, loaded
onto an alginate hydrogel linked with the RGD domain of fibronectin and implanted in
a calvarial defect model. After eight weeks, this construct induced an enhanced bone
regeneration when compared to the scaffold alone or without the RGD domain [124].

However, some studies also evaluated secretome in the presence of MSCs, demon-
strating an enhancing role. Our group evaluated the osteogenic ability of a PLA scaffold
enriched with GMSCs, EVs, or polyethyleneimine (PEI)-engineered EVs (PEI-EVs). The
scaffold containing PEI-EVs, with or without cells, implanted in rats subjected to cortical
calvaria bone tissue damage was able to improve bone healing, ultimately showing better
osteogenic properties [125]. In addition, a PLA scaffold enriched with GMSCs and CM
also showed a good osteogenic capacity, repairing the calvaria defect in a rat model [126].
The bone regeneration capacity of a Col membrane enriched with human PDLSCs and
CM, EVs, or PEI-EVs was evaluated in rats subjected to calvarial defects. Rats implanted
with Col, PDLSCs, and PEI-EVs showed increased bone regeneration in association with
vascularization. In parallel, increases of VEGF and VEGF receptor 2 (VEGFR2) were
observed [127].

Additionally, the evolution membrane enriched with PDLSCs and CM showed the
good osteogenic ability to repair calvarial defects [128]. A construct formed by a PLA scaf-
fold enriched with GMSCs and their EVs activated bone regeneration and vascularization
in a rat calvarial defect model. The upregulation of miR-2861 and -210, other than RUNX2,
VEGFA, OPN, and COL1A1, may explain the results [129].

Given the emergence of biomaterials enriched with CM or MSC-derived EVs as an
auspicious alternative to cellular therapies, future studies to uncover the beneficial roles
of CM and EVs on all regenerative processes are warranted to identify suitable tissue
regenerative alternatives in patients.

Interestingly, the first study on patients has already been carried out. In particular,
alveolar bone regeneration was evaluated in patients treated with β-TCP or an atelocol-
lagen sponge soaked with CM, showing bone formation. Of note, no systemic or local
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complications were reported [131]. Additionally, promising results were obtained with
β-TCP soaked with BMSC-derived CM for maxillary sinus floor elevation [132].

6. Conclusions

Tissue engineering has shown promising results for bone regeneration. This review
shows the role of different biomaterials together with MSCs of different origins in tissue
engineering processes. Indeed, unseeded scaffolds have shown limited regenerative po-
tential. Moreover, the bone regenerative potential of scaffolds enriched with MSCs can be
influenced and improved by the addition of biomolecules, such as BMPs, or the modula-
tion of biomaterial features, such as pore dimension. It is important to notice that most of
the studies used composite scaffolds or biomaterials with surface modifications, together
with MSCs. MSCs obtained from different sources in association with scaffolds have been
shown to enhance tissue regeneration and may be helpful when bone repair is required.
BMSCs are the most used, but other MSCs sources also seem useful, including OMSCs
that present the advantage of an easier isolation. In addition, constructs obtained using
pre-treated or genetically modified MSCs can also help bone regeneration, thus improving
bone formation. Cell-free therapies, through the secretome produced by MSCs, have also
shown beneficial effects in bone regeneration, and so they represent a promising approach
in this field. Moreover, further studies on these new therapies will be beneficial to develop
promising tissue repair alternatives for patients.
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Abbreviations

MSCs Mesenchymal stem cells
ECM Extracellular matrix
BMSCs Bone marrow-derived MSCs
OMSCs Oral mesenchymal stem cells
DPSCs Dental pulp stem cells
SCAPs Stem cells from the apical papilla
PDLSCs Periodontal ligament stem cells
GMSCs Gingival-derived MSCs
DFSCs Dental follicle stem cells
TGSCs Tooth germ stem cells
ABMSCs Alveolar bone-derived MSCs
CM Conditioned medium
EVs Extracellular vesicles
VEGF Vascular endothelial growth factor
TGF-β Transforming growth factor β
BMPs Bone morphogenetic proteins
ESB European Society for Biomaterials
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HA Hydroxyapatite
β-TCP B-tricalcium-phosphate
Col Collagen
PLA Polylactic acid
PCL Polycaprolactone
PLLA Poly(L-lactic acid)
PDLA Poly(D,L-lactic acid)
PLGA Polylactic-co-glycolic acid
PGA Polyglycolic acid
C/ABB Chitosan/anorganic bovine bone
JBMMSCs Jaw bone marrow-derived MSCs
PDA Polydopamine
HCCS HA Col calcium silicate
CGFs Concentrated growth factors
NIPAM N-isopropylacrylamide
DMAc N N′–dimethylacrylamide
Hana HA nanoparticles
TEP Tissue-engineered periosteum
PDLCs Periodontal ligament cells
SHED Stem cells from human exfoliated deciduous teeth
OPG Osteoprotegerin
ADMSCs Adipose-derived MSCs
PLDL L-lactide and DL-lactide
PDL DL-lactide
DSPP Dentin sialo-phosphoprotein
DMP1 Dentin matrix protein-1
MMP20 Enamelysin/matrix metalloproteinase 20
PHEX Phosphate-regulating gene with homologies to endopeptidases on

X Chromosome
SrHAB Strontium-substituted HA-based bioceramic scaffold
EPCs Endothelial progenitor cells
pDNA Plasmid DNA
BGN Bioactive glass nanoparticle
CPCs Calcium phosphate cements
iPSMSCs Induced pluripotent stem cell-derived MSCs
NAC N-acetyl-L cysteine
Trb3 Tribbles homolog 3
PRF Platelet-rich fibrin
PVDF-TrFE/BT Poly(vinylidene-trifluoroethylene)/barium titanate
hUVECs Human umbilical vein endothelial cells
hUCMSCs Human umbilical cord MSCs
hiPSC-MSCs MSCs from induced pluripotent stem cells
hESC-MSCs Embryonic stem cells
PVA Polyvinyl alcohol
HAB HA-based bioceramic
PMSCs Periosteum-derived MSCs
ABM Anorganic bone mineral
EXO Exosomes
MBG Mesoporous bioactive glass
PEI Polyethyleneimine
PEI-EVs Polyethyleneimine-engineered EVs
VEGFR2 VEGF receptor 2



Int. J. Mol. Sci. 2021, 22, 5236 22 of 27

References
1. Earthman, J.C.; Li, Y.; VanSchoiack, L.R.; Sheets, C.G.; Wu, J.C. Reconstructive materials and bone tissue engineering in implant

dentistry. Dent. Clin. N. Am. 2006, 50, 229–244. [CrossRef] [PubMed]
2. Matichescu, A.; Ardelean, L.C.; Rusu, L.C.; Craciun, D.; Bratu, E.A.; Babucea, M.; Leretter, M. Advanced Biomaterials and

Techniques for Oral Tissue Engineering and Regeneration-A Review. Materials 2020, 13, 5303. [CrossRef] [PubMed]
3. Granz, C.L.; Gorji, A. Dental stem cells: The role of biomaterials and scaffolds in developing novel therapeutic strategies. World J.

Stem Cells 2020, 12, 897–921. [CrossRef] [PubMed]
4. Zhao, X.; Cui, K.; Li, Z. The role of biomaterials in stem cell-based regenerative medicine. Future Med. Chem. 2019, 11, 1777–1790.

[CrossRef] [PubMed]
5. Ercal, P.; Pekozer, G.G. A Current Overview of Scaffold-Based Bone Regeneration Strategies with Dental Stem Cells. Adv. Exp.

Med. Biol. 2020, 1288, 61–85. [CrossRef]
6. Brown, C.; McKee, C.; Bakshi, S.; Walker, K.; Hakman, E.; Halassy, S.; Svinarich, D.; Dodds, R.; Govind, C.K.; Chaudhry, G.R.

Mesenchymal stem cells: Cell therapy and regeneration potential. J. Tissue Eng. Regen. Med. 2019, 13, 1738–1755. [CrossRef]
7. Vasanthan, J.; Gurusamy, N.; Rajasingh, S.; Sigamani, V.; Kirankumar, S.; Thomas, E.L.; Rajasingh, J. Role of Human Mesenchymal

Stem Cells in Regenerative Therapy. Cells 2020, 10, 54. [CrossRef]
8. Tatullo, M.; Marrelli, M.; Paduano, F. The regenerative medicine in oral and maxillofacial surgery: The most important innovations

in the clinical application of mesenchymal stem cells. Int. J. Med. Sci. 2015, 12, 72–77. [CrossRef]
9. Ceccarelli, G.; Presta, R.; Benedetti, L.; Cusella De Angelis, M.G.; Lupi, S.M.; Rodriguez, Y.B.R. Emerging Perspectives in Scaffold

for Tissue Engineering in Oral Surgery. Stem Cells Int. 2017, 2017, 4585401. [CrossRef]
10. Gonzalez-Gonzalez, A.; Garcia-Sanchez, D.; Dotta, M.; Rodriguez-Rey, J.C.; Perez-Campo, F.M. Mesenchymal stem cells secretome:

The cornerstone of cell-free regenerative medicine. World J. Stem Cells 2020, 12, 1529–1552. [CrossRef]
11. Dominici, M.; Le Blanc, K.; Mueller, I.; Slaper-Cortenbach, I.; Marini, F.; Krause, D.; Deans, R.; Keating, A.; Prockop, D.; Horwitz,

E. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position
statement. Cytotherapy 2006, 8, 315–317. [CrossRef] [PubMed]

12. Berebichez-Fridman, R.; Montero-Olvera, P.R. Sources and Clinical Applications of Mesenchymal Stem Cells: State-of-the-art
review. Sultan Qaboos Univ. Med. J. 2018, 18, e264–e277. [CrossRef] [PubMed]

13. Zhou, L.L.; Liu, W.; Wu, Y.M.; Sun, W.L.; Dorfer, C.E.; Fawzy El-Sayed, K.M. Oral Mesenchymal Stem/Progenitor Cells: The
Immunomodulatory Masters. Stem Cells Int. 2020, 2020, 1327405. [CrossRef] [PubMed]

14. Gan, L.; Liu, Y.; Cui, D.; Pan, Y.; Zheng, L.; Wan, M. Dental Tissue-Derived Human Mesenchymal Stem Cells and Their Potential
in Therapeutic Application. Stem Cells Int. 2020, 2020, 8864572. [CrossRef] [PubMed]

15. Trubiani, O.; Pizzicannella, J.; Caputi, S.; Marchisio, M.; Mazzon, E.; Paganelli, R.; Paganelli, A.; Diomede, F. Periodontal Ligament
Stem Cells: Current Knowledge and Future Perspectives. Stem Cells Dev. 2019, 28, 995–1003. [CrossRef] [PubMed]

16. Kumar, L.P.; Kandoi, S.; Misra, R.; Vijayalakshmi, S.; Rajagopal, K.; Verma, R.S. The mesenchymal stem cell secretome: A new
paradigm towards cell-free therapeutic mode in regenerative medicine. Cytokine Growth Factor Rev. 2019, 46, 1–9. [CrossRef]

17. Eleuteri, S.; Fierabracci, A. Insights into the Secretome of Mesenchymal Stem Cells and Its Potential Applications. Int. J. Mol. Sci.
2019, 20, 4597. [CrossRef]

18. El Moshy, S.; Radwan, I.A.; Rady, D.; Abbass, M.M.S.; El-Rashidy, A.A.; Sadek, K.M.; Dorfer, C.E.; Fawzy El-Sayed, K.M. Dental
Stem Cell-Derived Secretome/Conditioned Medium: The Future for Regenerative Therapeutic Applications. Stem Cells Int. 2020,
2020, 7593402. [CrossRef]

19. Yin, B.; Ma, Q.; Song, C.; Zhao, L.; Yu, F.; Wang, C.; Shi, Y.; Ye, L. Exosome-Derived Noncoding RNAs as a Promising Treatment of
Bone Regeneration. Stem Cells Int. 2021, 2021, 6696894. [CrossRef]

20. Ma, Z.J.; Yang, J.J.; Lu, Y.B.; Liu, Z.Y.; Wang, X.X. Mesenchymal stem cell-derived exosomes: Toward cell-free therapeutic
strategies in regenerative medicine. World J. Stem Cells 2020, 12, 814–840. [CrossRef]

21. Williams, D.F. On the nature of biomaterials. Biomaterials 2009, 30, 5897–5909. [CrossRef] [PubMed]
22. Diomede, F.; Marconi, G.D.; Fonticoli, L.; Pizzicanella, J.; Merciaro, I.; Bramanti, P.; Mazzon, E.; Trubiani, O. Functional

Relationship between Osteogenesis and Angiogenesis in Tissue Regeneration. Int. J. Mol. Sci. 2020, 21, 3242. [CrossRef] [PubMed]
23. Saberianpour, S.; Heidarzadeh, M.; Geranmayeh, M.H.; Hosseinkhani, H.; Rahbarghazi, R.; Nouri, M. Tissue engineering

strategies for the induction of angiogenesis using biomaterials. J. Biol. Eng. 2018, 12, 36. [CrossRef]
24. Rather, H.A.; Jhala, D.; Vasita, R. Dual functional approaches for osteogenesis coupled angiogenesis in bone tissue engineering.

Mater. Sci. Eng. C 2019, 103, 109761. [CrossRef]
25. Denry, I.; Holloway, J.A. Ceramics for Dental Applications: A Review. Materials 2010, 3, 351–368. [CrossRef]
26. Rahmati, M.; Pennisi, C.P.; Budd, E.; Mobasheri, A.; Mozafari, M. Biomaterials for Regenerative Medicine: Historical Perspectives

and Current Trends. Adv. Exp. Med. Biol. 2018, 1119, 1–19. [CrossRef]
27. Sorushanova, A.; Delgado, L.M.; Wu, Z.; Shologu, N.; Kshirsagar, A.; Raghunath, R.; Mullen, A.M.; Bayon, Y.; Pandit, A.;

Raghunath, M.; et al. The Collagen Suprafamily: From Biosynthesis to Advanced Biomaterial Development. Adv. Mater. 2019,
31, e1801651. [CrossRef]

28. Dong, C.; Lv, Y. Application of Collagen Scaffold in Tissue Engineering: Recent Advances and New Perspectives. Polymers 2016,
8, 42. [CrossRef]

http://doi.org/10.1016/j.cden.2005.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16530060
http://doi.org/10.3390/ma13225303
http://www.ncbi.nlm.nih.gov/pubmed/33238625
http://doi.org/10.4252/wjsc.v12.i9.897
http://www.ncbi.nlm.nih.gov/pubmed/33033554
http://doi.org/10.4155/fmc-2018-0347
http://www.ncbi.nlm.nih.gov/pubmed/31288586
http://doi.org/10.1007/5584_2020_505
http://doi.org/10.1002/term.2914
http://doi.org/10.3390/cells10010054
http://doi.org/10.7150/ijms.10706
http://doi.org/10.1155/2017/4585401
http://doi.org/10.4252/wjsc.v12.i12.1529
http://doi.org/10.1080/14653240600855905
http://www.ncbi.nlm.nih.gov/pubmed/16923606
http://doi.org/10.18295/squmj.2018.18.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30607265
http://doi.org/10.1155/2020/1327405
http://www.ncbi.nlm.nih.gov/pubmed/32184830
http://doi.org/10.1155/2020/8864572
http://www.ncbi.nlm.nih.gov/pubmed/32952572
http://doi.org/10.1089/scd.2019.0025
http://www.ncbi.nlm.nih.gov/pubmed/31017047
http://doi.org/10.1016/j.cytogfr.2019.04.002
http://doi.org/10.3390/ijms20184597
http://doi.org/10.1155/2020/7593402
http://doi.org/10.1155/2021/6696894
http://doi.org/10.4252/wjsc.v12.i8.814
http://doi.org/10.1016/j.biomaterials.2009.07.027
http://www.ncbi.nlm.nih.gov/pubmed/19651435
http://doi.org/10.3390/ijms21093242
http://www.ncbi.nlm.nih.gov/pubmed/32375269
http://doi.org/10.1186/s13036-018-0133-4
http://doi.org/10.1016/j.msec.2019.109761
http://doi.org/10.3390/ma3010351
http://doi.org/10.1007/5584_2018_278
http://doi.org/10.1002/adma.201801651
http://doi.org/10.3390/polym8020042


Int. J. Mol. Sci. 2021, 22, 5236 23 of 27

29. Rico-Llanos, G.A.; Borrego-Gonzalez, S.; Moncayo-Donoso, M.; Becerra, J.; Visser, R. Collagen Type I Biomaterials as Scaffolds for
Bone Tissue Engineering. Polymers 2021, 13, 599. [CrossRef]

30. Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A Comparative Review of Natural and Synthetic Biopolymer
Composite Scaffolds. Polymers 2021, 13, 1105. [CrossRef]

31. Turnbull, G.; Clarke, J.; Picard, F.; Riches, P.; Jia, L.; Han, F.; Li, B.; Shu, W. 3D bioactive composite scaffolds for bone tissue
engineering. Bioact. Mater. 2018, 3, 278–314. [CrossRef]

32. Chocholata, P.; Kulda, V.; Babuska, V. Fabrication of Scaffolds for Bone-Tissue Regeneration. Materials 2019, 12, 568. [CrossRef]
33. Gloria, A.; De Santis, R.; Ambrosio, L. Polymer-based composite scaffolds for tissue engineering. J. Appl. Biomater. Biomech. 2010,

8, 57–67. [PubMed]
34. Jafari, M.; Paknejad, Z.; Rad, M.R.; Motamedian, S.R.; Eghbal, M.J.; Nadjmi, N.; Khojasteh, A. Polymeric scaffolds in tissue

engineering: A literature review. J. Biomed. Mater. Res. Part B Appl. Biomater. 2017, 105, 431–459. [CrossRef] [PubMed]
35. Nikolova, M.P.; Chavali, M.S. Recent advances in biomaterials for 3D scaffolds: A review. Bioact. Mater. 2019, 4, 271–292.

[CrossRef] [PubMed]
36. Ferracini, R.; Martinez Herreros, I.; Russo, A.; Casalini, T.; Rossi, F.; Perale, G. Scaffolds as Structural Tools for Bone-Targeted

Drug Delivery. Pharmaceutics 2018, 10, 122. [CrossRef]
37. Loh, Q.L.; Choong, C. Three-dimensional scaffolds for tissue engineering applications: Role of porosity and pore size. Tissue Eng.

Part B Rev. 2013, 19, 485–502. [CrossRef]
38. Zhu, Y.; Goh, C.; Shrestha, A. Biomaterial Properties Modulating Bone Regeneration. Macromol. Biosci. 2021, e2000365. [CrossRef]
39. Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.T. Porous scaffolds for bone regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1–9.

[CrossRef]
40. Calabrese, G.; Giuffrida, R.; Fabbi, C.; Figallo, E.; Lo Furno, D.; Gulino, R.; Colarossi, C.; Fullone, F.; Giuffrida, R.; Parenti, R.; et al.

Collagen-Hydroxyapatite Scaffolds Induce Human Adipose Derived Stem Cells Osteogenic Differentiation In Vitro. PLoS ONE
2016, 11, e0151181. [CrossRef]

41. Lin, H.; Yin, C.; Mo, A.; Hong, G. Applications of Hydrogel with Special Physical Properties in Bone and Cartilage Regeneration.
Materials 2021, 14, 235. [CrossRef] [PubMed]

42. Mehrotra, D.; Dwivedi, R.; Nandana, D.; Singh, R.K. From injectable to 3D printed hydrogels in maxillofacial tissue engineering:
A review. J. Oral Biol. Craniofacial Res. 2020, 10, 680–689. [CrossRef] [PubMed]

43. Bai, X.; Gao, M.; Syed, S.; Zhuang, J.; Xu, X.; Zhang, X.Q. Bioactive hydrogels for bone regeneration. Bioact. Mater. 2018, 3, 401–417.
[CrossRef] [PubMed]

44. Aamodt, J.M.; Grainger, D.W. Extracellular matrix-based biomaterial scaffolds and the host response. Biomaterials 2016, 86, 68–82.
[CrossRef]

45. Garg, T.; Singh, O.; Arora, S.; Murthy, R. Scaffold: A novel carrier for cell and drug delivery. Crit. Rev. Ther. Drug Carr. Syst. 2012,
29, 1–63. [CrossRef]

46. Abou Neel, E.A.; Chrzanowski, W.; Salih, V.M.; Kim, H.W.; Knowles, J.C. Tissue engineering in dentistry. J. Dent. 2014, 42,
915–928. [CrossRef]

47. Struillou, X.; Boutigny, H.; Soueidan, A.; Layrolle, P. Experimental animal models in periodontology: A review. Open Dent. J.
2010, 4, 37–47. [CrossRef]

48. Kantarci, A.; Hasturk, H.; Van Dyke, T.E. Animal models for periodontal regeneration and peri-implant responses. Periodontology
2000 2015, 68, 66–82. [CrossRef]

49. Zang, S.; Jin, L.; Kang, S.; Hu, X.; Wang, M.; Wang, J.; Chen, B.; Peng, B.; Wang, Q. Periodontal Wound Healing by Transplantation
of Jaw Bone Marrow-Derived Mesenchymal Stem Cells in Chitosan/Anorganic Bovine Bone Carrier Into One-Wall Infrabony
Defects in Beagles. J. Periodontol. 2016, 87, 971–981. [CrossRef]

50. Lee, D.J.; Lee, Y.T.; Zou, R.; Daniel, R.; Ko, C.C. Polydopamine-Laced Biomimetic Material Stimulation of Bone Marrow Derived
Mesenchymal Stem Cells to Promote Osteogenic Effects. Sci. Rep. 2017, 7, 12984. [CrossRef]

51. Wang, F.; Li, Q.; Wang, Z. A comparative study of the effect of Bio-Oss((R)) in combination with concentrated growth factors or
bone marrow-derived mesenchymal stem cells in canine sinus grafting. J. Oral Pathol. Med. 2016, 46, 528–536. [CrossRef]

52. Thorpe, A.A.; Freeman, C.; Farthing, P.; Callaghan, J.; Hatton, P.V.; Brook, I.M.; Sammon, C.; Le Maitre, C.L. In vivo safety and
efficacy testing of a thermally triggered injectable hydrogel scaffold for bone regeneration and augmentation in a rat model.
Oncotarget 2018, 9, 18277–18295. [CrossRef] [PubMed]

53. Wang, T.; Zhai, Y.; Nuzzo, M.; Yang, X.; Yang, Y.; Zhang, X. Layer-by-layer nanofiber-enabled engineering of biomimetic
periosteum for bone repair and reconstruction. Biomaterials 2018, 182, 279–288. [CrossRef] [PubMed]

54. Park, H.S.; Lee, J.; Kim, J.W.; Kim, H.Y.; Jung, S.Y.; Lee, S.M.; Park, C.H.; Kim, H.S. Preventive effects of tonsil-derived
mesenchymal stem cells on osteoradionecrosis in a rat model. Head Neck 2018, 40, 526–535. [CrossRef]

55. Vaquette, C.; Saifzadeh, S.; Farag, A.; Hutmacher, D.W.; Ivanovski, S. Periodontal Tissue Engineering with a Multiphasic Construct
and Cell Sheets. J. Dent. Res. 2019, 98, 673–681. [CrossRef] [PubMed]

56. Piard, C.; Jeyaram, A.; Liu, Y.; Caccamese, J.; Jay, S.M.; Chen, Y.; Fisher, J. 3D printed HUVECs/MSCs cocultures impact cellular
interactions and angiogenesis depending on cell-cell distance. Biomaterials 2019, 222, 119423. [CrossRef] [PubMed]

http://doi.org/10.3390/polym13040599
http://doi.org/10.3390/polym13071105
http://doi.org/10.1016/j.bioactmat.2017.10.001
http://doi.org/10.3390/ma12040568
http://www.ncbi.nlm.nih.gov/pubmed/20740467
http://doi.org/10.1002/jbm.b.33547
http://www.ncbi.nlm.nih.gov/pubmed/26496456
http://doi.org/10.1016/j.bioactmat.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31709311
http://doi.org/10.3390/pharmaceutics10030122
http://doi.org/10.1089/ten.teb.2012.0437
http://doi.org/10.1002/mabi.202000365
http://doi.org/10.1016/j.jsamd.2020.01.007
http://doi.org/10.1371/journal.pone.0151181
http://doi.org/10.3390/ma14010235
http://www.ncbi.nlm.nih.gov/pubmed/33466543
http://doi.org/10.1016/j.jobcr.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/33072505
http://doi.org/10.1016/j.bioactmat.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/30003179
http://doi.org/10.1016/j.biomaterials.2016.02.003
http://doi.org/10.1615/CritRevTherDrugCarrierSyst.v29.i1.10
http://doi.org/10.1016/j.jdent.2014.05.008
http://doi.org/10.2174/1874210601004010037
http://doi.org/10.1111/prd.12052
http://doi.org/10.1902/jop.2016.150504
http://doi.org/10.1038/s41598-017-13326-y
http://doi.org/10.1111/jop.12507
http://doi.org/10.18632/oncotarget.24813
http://www.ncbi.nlm.nih.gov/pubmed/29719605
http://doi.org/10.1016/j.biomaterials.2018.08.028
http://www.ncbi.nlm.nih.gov/pubmed/30142527
http://doi.org/10.1002/hed.25004
http://doi.org/10.1177/0022034519837967
http://www.ncbi.nlm.nih.gov/pubmed/30971166
http://doi.org/10.1016/j.biomaterials.2019.119423
http://www.ncbi.nlm.nih.gov/pubmed/31442885


Int. J. Mol. Sci. 2021, 22, 5236 24 of 27

57. Prahasanti, C.; Subrata, L.H.; Saskianti, T.; Suardita, K.; Ernawati, D.S. Combined Hydroxyapatite Scaffold and Stem Cell from
Human Exfoliated Deciduous Teeth Modulating Alveolar Bone Regeneration via Regulating Receptor Activator of Nuclear
Factor-Kappab and Osteoprotegerin System. Iran. J. Med. Sci. 2019, 44, 415–421. [CrossRef]

58. Gutierrez-Quintero, J.G.; Duran Riveros, J.Y.; Martinez Valbuena, C.A.; Pedraza Alonso, S.; Munevar, J.C.; Viafara-Garcia, S.M.
Critical-sized mandibular defect reconstruction using human dental pulp stem cells in a xenograft model-clinical, radiological,
and histological evaluation. Oral Maxillofac. Surg. 2020, 24, 485–493. [CrossRef]

59. Probst, F.A.; Fliefel, R.; Burian, E.; Probst, M.; Eddicks, M.; Cornelsen, M.; Riedl, C.; Seitz, H.; Aszodi, A.; Schieker, M.; et al.
Bone regeneration of minipig mandibular defect by adipose derived mesenchymal stem cells seeded tri-calcium phosphate-
poly(D-,L-lactide-co-glycolide) scaffolds. Sci. Rep. 2020, 10, 2062. [CrossRef]

60. Hasani-Sadrabadi, M.M.; Sarrion, P.; Pouraghaei, S.; Chau, Y.; Ansari, S.; Li, S.; Aghaloo, T.; Moshaverinia, A. An engineered
cell-laden adhesive hydrogel promotes craniofacial bone tissue regeneration in rats. Sci. Transl. Med. 2020, 12. [CrossRef]

61. Wang, H.; Xu, Y.; Wang, P.; Ma, J.; Wang, P.; Han, X.; Fan, Y.; Bai, D.; Sun, Y.; Zhang, X. Cell-mediated injectable blend
hydrogel-BCP ceramic scaffold for in situ condylar osteochondral repair. Acta Biomater. 2021, 123, 364–378. [CrossRef]

62. Semyari, H.; Rajipour, M.; Sabetkish, S.; Sabetkish, N.; Abbas, F.M.; Kajbafzadeh, A.M. Evaluating the bone regeneration in
calvarial defect using osteoblasts differentiated from adipose-derived mesenchymal stem cells on three different scaffolds: An
animal study. Cell Tissue Bank. 2015, 17, 69–83. [CrossRef] [PubMed]

63. Atalayin, C.; Tezel, H.; Dagci, T.; Karabay Yavasoglu, N.U.; Oktem, G.; Kose, T. In vivo performance of different scaffolds for
dental pulp stem cells induced for odontogenic differentiation. Braz. Oral Res. 2016, 30, e120. [CrossRef] [PubMed]

64. Al-Hezaimi, K.; Ramalingam, S.; Al-Askar, M.; ArRejaie, A.S.; Nooh, N.; Jawad, F.; Aldahmash, A.; Atteya, M.; Wang, C.Y.
Real-time-guided bone regeneration around standardized critical size calvarial defects using bone marrow-derived mesenchymal
stem cells and collagen membrane with and without using tricalcium phosphate: An in vivo micro-computed tomographic and
histologic experiment in rats. Int. J. Oral Sci. 2016, 8, 7–15. [CrossRef] [PubMed]

65. Park, J.C.; Oh, S.Y.; Lee, J.S.; Park, S.Y.; Choi, E.Y.; Cho, K.S.; Kim, C.S. In vivo bone formation by human alveolar-bone-derived
mesenchymal stem cells obtained during implant osteotomy using biphasic calcium phosphate ceramics or Bio-Oss as carriers.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2016, 104, 515–524. [CrossRef]

66. Ansari, S.; Chen, C.; Hasani-Sadrabadi, M.M.; Yu, B.; Zadeh, H.H.; Wu, B.M.; Moshaverinia, A. Hydrogel elasticity and
microarchitecture regulate dental-derived mesenchymal stem cell-host immune system cross-talk. Acta Biomater. 2017, 60, 181–189.
[CrossRef]

67. Gupte, M.J.; Swanson, W.B.; Hu, J.; Jin, X.; Ma, H.; Zhang, Z.; Liu, Z.; Feng, K.; Feng, G.; Xiao, G.; et al. Pore size directs bone
marrow stromal cell fate and tissue regeneration in nanofibrous macroporous scaffolds by mediating vascularization. Acta
Biomater. 2018, 82, 1–11. [CrossRef]

68. Lee, D.J.; Kwon, J.; Kim, Y.I.; Wang, X.; Wu, T.J.; Lee, Y.T.; Kim, S.; Miguez, P.; Ko, C.C. Effect of pore size in bone regeneration
using polydopamine-laced hydroxyapatite collagen calcium silicate scaffolds fabricated by 3D mould printing technology. Orthod.
Craniofacial Res. 2019, 22 (Suppl. 1), 127–133. [CrossRef]

69. Stigler, R.G.; Schimke, M.M.; Bigus, S.; Steinmuller-Nethl, D.; Tillmann, K.; Lepperdinger, G. Pervasion of beta-tricalcium
phosphate with nanodiamond particles yields efficient and safe bone replacement material amenable for biofunctionalization and
application in large-size osseous defect healing. Nanomed. Nanotechnol. Biol. Med. 2019, 16, 250–257. [CrossRef]

70. Prabha, R.D.; Ding, M.; Bollen, P.; Ditzel, N.; Varma, H.K.; Nair, P.D.; Kassem, M. Strontium ion reinforced bioceramic scaffold for
load bearing bone regeneration. Mater. Sci. Eng. C 2020, 109, 110427. [CrossRef]

71. Khojasteh, A.; Fahimipour, F.; Jafarian, M.; Sharifi, D.; Jahangir, S.; Khayyatan, F.; Baghaban Eslaminejad, M. Bone engineering in
dog mandible: Coculturing mesenchymal stem cells with endothelial progenitor cells in a composite scaffold containing vascular
endothelial growth factor. J. Biomed. Mater. Res. Part B Appl. Biomater. 2017, 105, 1767–1777. [CrossRef] [PubMed]

72. Ge, Q.; Green, D.W.; Lee, D.J.; Kim, H.Y.; Piao, Z.; Lee, J.M.; Jung, H.S. Mineralized Polysaccharide Transplantation Modules
Supporting Human MSC Conversion into Osteogenic Cells and Osteoid Tissue in a Non-Union Defect. Mol. Cells 2018, 41,
1016–1023. [CrossRef] [PubMed]

73. Li, X.; Zhang, R.; Tan, X.; Li, B.; Liu, Y.; Wang, X. Synthesis and Evaluation of BMMSC-seeded BMP-6/nHAG/GMS Scaffolds for
Bone Regeneration. Int. J. Med Sci. 2019, 16, 1007–1017. [CrossRef] [PubMed]

74. Zhang, R.; Li, X.; Liu, Y.; Gao, X.; Zhu, T.; Lu, L. Acceleration of Bone Regeneration in Critical-Size Defect Using BMP-9-Loaded
nHA/ColI/MWCNTs Scaffolds Seeded with Bone Marrow Mesenchymal Stem Cells. BioMed Res. Int. 2019, 2019, 7343957.
[CrossRef] [PubMed]

75. Fahimipour, F.; Dashtimoghadam, E.; Mahdi Hasani-Sadrabadi, M.; Vargas, J.; Vashaee, D.; Lobner, D.C.; Jafarzadeh Kashi, T.S.;
Ghasemzadeh, B.; Tayebi, L. Enhancing cell seeding and osteogenesis of MSCs on 3D printed scaffolds through injectable BMP2
immobilized ECM-Mimetic gel. Dent. Mater. 2019, 35, 990–1006. [CrossRef]

76. Stutz, C.; Strub, M.; Clauss, F.; Huck, O.; Schulz, G.; Gegout, H.; Benkirane-Jessel, N.; Bornert, F.; Kuchler-Bopp, S. A New
Polycaprolactone-Based Biomembrane Functionalized with BMP-2 and Stem Cells Improves Maxillary Bone Regeneration.
Nanomaterials 2020, 10, 1774. [CrossRef]

77. Malek-Khatabi, A.; Javar, H.A.; Dashtimoghadam, E.; Ansari, S.; Hasani-Sadrabadi, M.M.; Moshaverinia, A. In situ bone tissue
engineering using gene delivery nanocomplexes. Acta Biomater. 2020, 108, 326–336. [CrossRef]

http://doi.org/10.30476/IJMS.2019.44962
http://doi.org/10.1007/s10006-020-00862-7
http://doi.org/10.1038/s41598-020-59038-8
http://doi.org/10.1126/scitranslmed.aay6853
http://doi.org/10.1016/j.actbio.2020.12.056
http://doi.org/10.1007/s10561-015-9518-5
http://www.ncbi.nlm.nih.gov/pubmed/26108195
http://doi.org/10.1590/1807-3107bor-2016.vol30.0120
http://www.ncbi.nlm.nih.gov/pubmed/27901202
http://doi.org/10.1038/ijos.2015.34
http://www.ncbi.nlm.nih.gov/pubmed/27025260
http://doi.org/10.1002/jbm.b.33416
http://doi.org/10.1016/j.actbio.2017.07.017
http://doi.org/10.1016/j.actbio.2018.10.016
http://doi.org/10.1111/ocr.12261
http://doi.org/10.1016/j.nano.2018.08.015
http://doi.org/10.1016/j.msec.2019.110427
http://doi.org/10.1002/jbm.b.33707
http://www.ncbi.nlm.nih.gov/pubmed/27186846
http://doi.org/10.14348/molcells.2018.1001
http://www.ncbi.nlm.nih.gov/pubmed/30590908
http://doi.org/10.7150/ijms.31966
http://www.ncbi.nlm.nih.gov/pubmed/31341414
http://doi.org/10.1155/2019/7343957
http://www.ncbi.nlm.nih.gov/pubmed/31111065
http://doi.org/10.1016/j.dental.2019.04.004
http://doi.org/10.3390/nano10091774
http://doi.org/10.1016/j.actbio.2020.03.008


Int. J. Mol. Sci. 2021, 22, 5236 25 of 27

78. El Bialy, I.; Jiskoot, W.; Reza Nejadnik, M. Formulation, Delivery and Stability of Bone Morphogenetic Proteins for Effective Bone
Regeneration. Pharm. Res. 2017, 34, 1152–1170. [CrossRef]

79. Kim, T.H.; Singh, R.K.; Kang, M.S.; Kim, J.H.; Kim, H.W. Gene delivery nanocarriers of bioactive glass with unique potential to
load BMP2 plasmid DNA and to internalize into mesenchymal stem cells for osteogenesis and bone regeneration. Nanoscale 2016,
8, 8300–8311. [CrossRef]

80. Liu, X.; Bao, C.; Xu, H.H.K.; Pan, J.; Hu, J.; Wang, P.; Luo, E. Osteoprotegerin gene-modified BMSCs with hydroxyapatite scaffold
for treating critical-sized mandibular defects in ovariectomized osteoporotic rats. Acta Biomater. 2016, 42, 378–388. [CrossRef]

81. Liu, X.; Li, Q.; Wang, F.; Wang, Z. Maxillary sinus floor augmentation and dental implant placement using dentin matrix protein-1
gene-modified bone marrow stromal cells mixed with deproteinized boving bone: A comparative study in beagles. Arch. Oral
Biol. 2016, 64, 102–108. [CrossRef] [PubMed]

82. Wang, P.; Song, Y.; Weir, M.D.; Sun, J.; Zhao, L.; Simon, C.G.; Xu, H.H. A self-setting iPSMSC-alginate-calcium phosphate paste
for bone tissue engineering. Dent. Mater. 2016, 32, 252–263. [CrossRef] [PubMed]

83. Watanabe, J.; Yamada, M.; Niibe, K.; Zhang, M.; Kondo, T.; Ishibashi, M.; Egusa, H. Preconditioning of bone marrow-derived
mesenchymal stem cells with N-acetyl-L-cysteine enhances bone regeneration via reinforced resistance to oxidative stress.
Biomaterials 2018, 185, 25–38. [CrossRef] [PubMed]

84. Yang, C.; Liu, X.; Zhao, K.; Zhu, Y.; Hu, B.; Zhou, Y.; Wang, M.; Wu, Y.; Zhang, C.; Xu, J.; et al. miRNA-21 promotes osteogenesis
via the PTEN/PI3K/Akt/HIF-1alpha pathway and enhances bone regeneration in critical size defects. Stem Cell Res. Ther. 2019,
10, 65. [CrossRef]

85. Sanchez-Casanova, S.; Martin-Saavedra, F.M.; Escudero-Duch, C.; Falguera Uceda, M.I.; Prieto, M.; Arruebo, M.; Acebo, P.; Fabiilli,
M.L.; Franceschi, R.T.; Vilaboa, N. Local delivery of bone morphogenetic protein-2 from near infrared-responsive hydrogels for
bone tissue regeneration. Biomaterials 2020, 241, 119909. [CrossRef]

86. Park, J.Y.; Park, C.H.; Yi, T.; Kim, S.N.; Iwata, T.; Yun, J.H. rhBMP-2 Pre-Treated Human Periodontal Ligament Stem Cell Sheets
Regenerate a Mineralized Layer Mimicking Dental Cementum. Int. J. Mol. Sci. 2020, 21, 3767. [CrossRef]

87. Fan, J.; Lee, C.S.; Kim, S.; Zhang, X.; Pi-Anfruns, J.; Guo, M.; Chen, C.; Rahnama, M.; Li, J.; Wu, B.M.; et al. Trb3 controls
mesenchymal stem cell lineage fate and enhances bone regeneration by scaffold-mediated local gene delivery. Biomaterials 2021,
264, 120445. [CrossRef]

88. Wang, Z.S.; Feng, Z.H.; Wu, G.F.; Bai, S.Z.; Dong, Y.; Chen, F.M.; Zhao, Y.M. The use of platelet-rich fibrin combined with
periodontal ligament and jaw bone mesenchymal stem cell sheets for periodontal tissue engineering. Sci. Rep. 2016, 6, 28126.
[CrossRef] [PubMed]

89. Freitas, G.P.; Lopes, H.B.; Almeida, A.L.G.; Abuna, R.P.F.; Gimenes, R.; Souza, L.E.B.; Covas, D.T.; Beloti, M.M.; Rosa, A.L.
Potential of Osteoblastic Cells Derived from Bone Marrow and Adipose Tissue Associated with a Polymer/Ceramic Composite
to Repair Bone Tissue. Calcif. Tissue Int. 2017, 101, 312–320. [CrossRef]

90. Chen, W.; Liu, X.; Chen, Q.; Bao, C.; Zhao, L.; Zhu, Z.; Xu, H.H.K. Angiogenic and osteogenic regeneration in rats via calcium
phosphate scaffold and endothelial cell co-culture with human bone marrow mesenchymal stem cells (MSCs), human umbilical
cord MSCs, human induced pluripotent stem cell-derived MSCs and human embryonic stem cell-derived MSCs. J. Tissue Eng.
Regen. Med. 2018, 12, 191–203. [CrossRef]

91. Prabha, R.D.; Kraft, D.C.E.; Harkness, L.; Melsen, B.; Varma, H.; Nair, P.D.; Kjems, J.; Kassem, M. Bioactive nano-fibrous scaffold
for vascularized craniofacial bone regeneration. J. Tissue Eng. Regen. Med. 2017, 12, e1537–e1548. [CrossRef] [PubMed]

92. Gonzalez-Gil, A.B.; Lamo-Espinosa, J.M.; Muinos-Lopez, E.; Ripalda-Cemborain, P.; Abizanda, G.; Valdes-Fernandez, J.; Lopez-
Martinez, T.; Flandes-Iparraguirre, M.; Andreu, I.; Elizalde, M.R.; et al. Periosteum-derived mesenchymal progenitor cells in
engineered implants promote fracture healing in a critical-size defect rat model. J. Tissue Eng. Regen. Med. 2019, 13, 742–752.
[CrossRef] [PubMed]

93. Mohanram, Y.; Zhang, J.; Tsiridis, E.; Yang, X.B. Comparing bone tissue engineering efficacy of HDPSCs, HBMSCs on 3D
biomimetic ABM-P-15 scaffolds in vitro and in vivo. Cytotechnology 2020, 72, 715–730. [CrossRef] [PubMed]

94. Al-Qadhi, G.; Soliman, M.; Abou-Shady, I.; Rashed, L. Gingival mesenchymal stem cells as an alternative source to bone marrow
mesenchymal stem cells in regeneration of bone defects: In vivo study. Tissue Cell 2020, 63, 101325. [CrossRef]

95. Giannoni, P.; Scaglione, S.; Daga, A.; Ilengo, C.; Cilli, M.; Quarto, R. Short-time survival and engraftment of bone marrow stromal
cells in an ectopic model of bone regeneration. Tissue Eng. Part A 2010, 16, 489–499. [CrossRef] [PubMed]

96. Manassero, M.; Paquet, J.; Deschepper, M.; Viateau, V.; Retortillo, J.; Bensidhoum, M.; Logeart-Avramoglou, D.; Petite, H.
Comparison of Survival and Osteogenic Ability of Human Mesenchymal Stem Cells in Orthotopic and Ectopic Sites in Mice.
Tissue Eng. Part A 2016, 22, 534–544. [CrossRef]

97. Becquart, P.; Cambon-Binder, A.; Monfoulet, L.E.; Bourguignon, M.; Vandamme, K.; Bensidhoum, M.; Petite, H.; Logeart-
Avramoglou, D. Ischemia is the prime but not the only cause of human multipotent stromal cell death in tissue-engineered
constructs in vivo. Tissue Eng. Part A 2012, 18, 2084–2094. [CrossRef]

98. Bogatcheva, N.V.; Coleman, M.E. Conditioned Medium of Mesenchymal Stromal Cells: A New Class of Therapeutics. Biochemistry
2019, 84, 1375–1389. [CrossRef]

99. Cooper, L.F.; Ravindran, S.; Huang, C.C.; Kang, M. A Role for Exosomes in Craniofacial Tissue Engineering and Regeneration.
Front. Physiol. 2020, 10, 1569. [CrossRef]

http://doi.org/10.1007/s11095-017-2147-x
http://doi.org/10.1039/C5NR07933K
http://doi.org/10.1016/j.actbio.2016.06.019
http://doi.org/10.1016/j.archoralbio.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26826470
http://doi.org/10.1016/j.dental.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26743965
http://doi.org/10.1016/j.biomaterials.2018.08.055
http://www.ncbi.nlm.nih.gov/pubmed/30216807
http://doi.org/10.1186/s13287-019-1168-2
http://doi.org/10.1016/j.biomaterials.2020.119909
http://doi.org/10.3390/ijms21113767
http://doi.org/10.1016/j.biomaterials.2020.120445
http://doi.org/10.1038/srep28126
http://www.ncbi.nlm.nih.gov/pubmed/27324079
http://doi.org/10.1007/s00223-017-0282-3
http://doi.org/10.1002/term.2395
http://doi.org/10.1002/term.2579
http://www.ncbi.nlm.nih.gov/pubmed/28967188
http://doi.org/10.1002/term.2821
http://www.ncbi.nlm.nih.gov/pubmed/30785671
http://doi.org/10.1007/s10616-020-00414-7
http://www.ncbi.nlm.nih.gov/pubmed/32820463
http://doi.org/10.1016/j.tice.2019.101325
http://doi.org/10.1089/ten.tea.2009.0041
http://www.ncbi.nlm.nih.gov/pubmed/19712045
http://doi.org/10.1089/ten.tea.2015.0346
http://doi.org/10.1089/ten.tea.2011.0690
http://doi.org/10.1134/S0006297919110129
http://doi.org/10.3389/fphys.2019.01569


Int. J. Mol. Sci. 2021, 22, 5236 26 of 27

100. Nagata, M.; Iwasaki, K.; Akazawa, K.; Komaki, M.; Yokoyama, N.; Izumi, Y.; Morita, I. Conditioned Medium from Periodontal
Ligament Stem Cells Enhances Periodontal Regeneration. Tissue Eng. Part A 2017, 23, 367–377. [CrossRef]

101. Rajan, T.S.; Giacoppo, S.; Diomede, F.; Ballerini, P.; Paolantonio, M.; Marchisio, M.; Piattelli, A.; Bramanti, P.; Mazzon, E.; Trubiani,
O. The secretome of periodontal ligament stem cells from MS patients protects against EAE. Sci. Rep. 2016, 6, 38743. [CrossRef]

102. Nawaz, M.; Fatima, F.; Vallabhaneni, K.C.; Penfornis, P.; Valadi, H.; Ekstrom, K.; Kholia, S.; Whitt, J.D.; Fernandes, J.D.;
Pochampally, R.; et al. Extracellular Vesicles: Evolving Factors in Stem Cell Biology. Stem Cells Int. 2016, 2016, 1073140. [CrossRef]
[PubMed]

103. Trubiani, O.; Marconi, G.D.; Pierdomenico, S.D.; Piattelli, A.; Diomede, F.; Pizzicannella, J. Human Oral Stem Cells, Biomaterials
and Extracellular Vesicles: A Promising Tool in Bone Tissue Repair. Int. J. Mol. Sci. 2019, 20, 4987. [CrossRef]

104. Silvestro, S.; Chiricosta, L.; Gugliandolo, A.; Pizzicannella, J.; Diomede, F.; Bramanti, P.; Trubiani, O.; Mazzon, E. Extracellular
Vesicles Derived from Human Gingival Mesenchymal Stem Cells: A Transcriptomic Analysis. Genes 2020, 11, 118. [CrossRef]
[PubMed]

105. Chiricosta, L.; Silvestro, S.; Gugliandolo, A.; Marconi, G.D.; Pizzicannella, J.; Bramanti, P.; Trubiani, O.; Mazzon, E. Extracellular
Vesicles of Human Periodontal Ligament Stem Cells Contain MicroRNAs Associated to Proto-Oncogenes: Implications in
Cytokinesis. Front. Genet. 2020, 11, 582. [CrossRef] [PubMed]

106. Diomede, F.; D’Aurora, M.; Gugliandolo, A.; Merciaro, I.; Ettorre, V.; Bramanti, A.; Piattelli, A.; Gatta, V.; Mazzon, E.;
Fontana, A.; et al. A novel role in skeletal segment regeneration of extracellular vesicles released from periodontal-ligament stem
cells. Int. J. Nanomed. 2018, 13, 3805–3825. [CrossRef]

107. Tsiapalis, D.; O’Driscoll, L. Mesenchymal Stem Cell Derived Extracellular Vesicles for Tissue Engineering and Regenerative
Medicine Applications. Cells 2020, 9, 991. [CrossRef] [PubMed]

108. Giuliani, A.; Sena, G.; Tromba, G.; Mazzon, E.; Fontana, A.; Diomede, F.; Piattelli, A.; Trubiani, O. Could the Enrichment of a
Biomaterial with Conditioned Medium or Extracellular Vesicles Modify Bone-Remodeling Kinetics during a Defect Healing?
Evaluations on Rat Calvaria with Synchrotron-Based Microtomography. Appl. Sci. 2020, 10, 2336. [CrossRef]

109. Ogata, K.; Matsumura, M.; Moriyama, M.; Katagiri, W.; Hibi, H.; Nakamura, S. Cytokine Mixtures Mimicking Secretomes
From Mesenchymal Stem Cells Improve Medication-Related Osteonecrosis of the Jaw in a Rat Model. JBMR Plus 2017, 2, 69–80.
[CrossRef]

110. Katagiri, W.; Sakaguchi, K.; Kawai, T.; Wakayama, Y.; Osugi, M.; Hibi, H. A defined mix of cytokines mimics conditioned
medium from cultures of bone marrow-derived mesenchymal stem cells and elicits bone regeneration. Cell Prolif. 2017, 50, e12333.
[CrossRef]

111. Katagiri, W.; Kawai, T.; Osugi, M.; Sugimura-Wakayama, Y.; Sakaguchi, K.; Kojima, T.; Kobayashi, T. Angiogenesis in newly
regenerated bone by secretomes of human mesenchymal stem cells. Maxillofac. Plast. Reconstr. Surg. 2017, 39, 8. [CrossRef]

112. Hwang, S.J.; Cho, T.H.; Lee, B.; Kim, I.S. Bone-healing capacity of conditioned medium derived from three-dimensionally
cultivated human mesenchymal stem cells and electrical stimulation on collagen sponge. J. Biomed. Mater. Res. Part A 2018, 106,
311–320. [CrossRef]

113. Hiraki, T.; Kunimatsu, R.; Nakajima, K.; Abe, T.; Yamada, S.; Rikitake, K.; Tanimoto, K. Stem cell-derived conditioned media from
human exfoliated deciduous teeth promote bone regeneration. Oral Dis. 2020, 26, 381–390. [CrossRef] [PubMed]

114. Ogisu, K.; Fujio, M.; Tsuchiya, S.; Tsuboi, M.; Qi, C.; Toyama, N.; Kamio, H.; Hibi, H. Conditioned media from mesenchymal
stromal cells and periodontal ligament fibroblasts under cyclic stretch stimulation promote bone healing in mouse calvarial
defects. Cytotherapy 2020, 22, 543–551. [CrossRef]

115. Qiu, J.; Wang, X.; Zhou, H.; Zhang, C.; Wang, Y.; Huang, J.; Liu, M.; Yang, P.; Song, A. Enhancement of periodontal tissue regen-
eration by conditioned media from gingiva-derived or periodontal ligament-derived mesenchymal stem cells: A comparative
study in rats. Stem Cell Res. Ther. 2020, 11, 42. [CrossRef] [PubMed]

116. Li, W.; Liu, Y.; Zhang, P.; Tang, Y.; Zhou, M.; Jiang, W.; Zhang, X.; Wu, G.; Zhou, Y. Tissue-Engineered Bone Immobilized with
Human Adipose Stem Cells-Derived Exosomes Promotes Bone Regeneration. ACS Appl. Mater. Interfaces 2018, 10, 5240–5254.
[CrossRef] [PubMed]

117. Chew, J.R.J.; Chuah, S.J.; Teo, K.Y.W.; Zhang, S.; Lai, R.C.; Fu, J.H.; Lim, L.P.; Lim, S.K.; Toh, W.S. Mesenchymal stem cell exosomes
enhance periodontal ligament cell functions and promote periodontal regeneration. Acta Biomater. 2019, 89, 252–264. [CrossRef]
[PubMed]

118. Chen, S.; Tang, Y.; Liu, Y.; Zhang, P.; Lv, L.; Zhang, X.; Jia, L.; Zhou, Y. Exosomes derived from miR-375-overexpressing human
adipose mesenchymal stem cells promote bone regeneration. Cell Prolif. 2019, 52, e12669. [CrossRef]

119. Takeuchi, R.; Katagiri, W.; Endo, S.; Kobayashi, T. Exosomes from conditioned media of bone marrow-derived mesenchymal
stem cells promote bone regeneration by enhancing angiogenesis. PLoS ONE 2019, 14, e0225472. [CrossRef]

120. Swanson, W.B.; Zhang, Z.; Xiu, K.; Gong, T.; Eberle, M.; Wang, Z.; Ma, P.X. Scaffolds with controlled release of pro-mineralization
exosomes to promote craniofacial bone healing without cell transplantation. Acta Biomater. 2020, 118, 215–232. [CrossRef]

121. Liu, L.; Guo, S.; Shi, W.; Liu, Q.; Huo, F.; Wu, Y.; Tian, W. Bone Marrow Mesenchymal Stem Cell-Derived Small Extracellular
Vesicles Promote Periodontal Regeneration. Tissue Eng. Part A 2020. [CrossRef]

122. Huang, C.C.; Kang, M.; Lu, Y.; Shirazi, S.; Diaz, J.I.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. Functionally engineered
extracellular vesicles improve bone regeneration. Acta Biomater. 2020, 109, 182–194. [CrossRef]

http://doi.org/10.1089/ten.tea.2016.0274
http://doi.org/10.1038/srep38743
http://doi.org/10.1155/2016/1073140
http://www.ncbi.nlm.nih.gov/pubmed/26649044
http://doi.org/10.3390/ijms20204987
http://doi.org/10.3390/genes11020118
http://www.ncbi.nlm.nih.gov/pubmed/31973135
http://doi.org/10.3389/fgene.2020.00582
http://www.ncbi.nlm.nih.gov/pubmed/32582296
http://doi.org/10.2147/IJN.S162836
http://doi.org/10.3390/cells9040991
http://www.ncbi.nlm.nih.gov/pubmed/32316248
http://doi.org/10.3390/app10072336
http://doi.org/10.1002/jbm4.10013
http://doi.org/10.1111/cpr.12333
http://doi.org/10.1186/s40902-017-0106-4
http://doi.org/10.1002/jbm.a.36224
http://doi.org/10.1111/odi.13244
http://www.ncbi.nlm.nih.gov/pubmed/31808229
http://doi.org/10.1016/j.jcyt.2020.05.008
http://doi.org/10.1186/s13287-019-1546-9
http://www.ncbi.nlm.nih.gov/pubmed/32014015
http://doi.org/10.1021/acsami.7b17620
http://www.ncbi.nlm.nih.gov/pubmed/29359912
http://doi.org/10.1016/j.actbio.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/30878447
http://doi.org/10.1111/cpr.12669
http://doi.org/10.1371/journal.pone.0225472
http://doi.org/10.1016/j.actbio.2020.09.052
http://doi.org/10.1089/ten.tea.2020.0141
http://doi.org/10.1016/j.actbio.2020.04.017


Int. J. Mol. Sci. 2021, 22, 5236 27 of 27

123. Liu, A.; Lin, D.; Zhao, H.; Chen, L.; Cai, B.; Lin, K.; Shen, S.G. Optimized BMSC-derived osteoinductive exosomes immobilized in
hierarchical scaffold via lyophilization for bone repair through Bmpr2/Acvr2b competitive receptor-activated Smad pathway.
Biomaterials 2021, 272, 120718. [CrossRef]

124. Huang, C.C.; Kang, M.; Shirazi, S.; Lu, Y.; Cooper, L.F.; Gajendrareddy, P.; Ravindran, S. 3D Encapsulation and tethering of
functionally engineered extracellular vesicles to hydrogels. Acta Biomater. 2021. [CrossRef]

125. Diomede, F.; Gugliandolo, A.; Cardelli, P.; Merciaro, I.; Ettorre, V.; Traini, T.; Bedini, R.; Scionti, D.; Bramanti, A.; Nanci, A.; et al.
Three-dimensional printed PLA scaffold and human gingival stem cell-derived extracellular vesicles: A new tool for bone defect
repair. Stem Cell Res. Ther. 2018, 9, 104. [CrossRef]

126. Diomede, F.; Gugliandolo, A.; Scionti, D.; Merciaro, I.; Cavalcanti, M.F.; Mazzon, E.; Trubiani, O. Biotherapeutic Effect of Gingival
Stem Cells Conditioned Medium in Bone Tissue Restoration. Int. J. Mol. Sci. 2018, 19, 329. [CrossRef]

127. Pizzicannella, J.; Gugliandolo, A.; Orsini, T.; Fontana, A.; Ventrella, A.; Mazzon, E.; Bramanti, P.; Diomede, F.; Trubiani, O.
Engineered Extracellular Vesicles From Human Periodontal-Ligament Stem Cells Increase VEGF/VEGFR2 Expression During
Bone Regeneration. Front. Physiol. 2019, 10, 512. [CrossRef]

128. Diomede, F.; D’Aurora, M.; Gugliandolo, A.; Merciaro, I.; Orsini, T.; Gatta, V.; Piattelli, A.; Trubiani, O.; Mazzon, E. Biofunctional-
ized Scaffold in Bone Tissue Repair. Int. J. Mol. Sci. 2018, 19, 1022. [CrossRef]

129. Pizzicannella, J.; Diomede, F.; Gugliandolo, A.; Chiricosta, L.; Bramanti, P.; Merciaro, I.; Orsini, T.; Mazzon, E.; Trubiani, O. 3D
Printing PLA/Gingival Stem Cells/EVs Upregulate miR-2861 and -210 during Osteoangiogenesis Commitment. Int. J. Mol. Sci.
2019, 20, 3256. [CrossRef] [PubMed]

130. Sakaguchi, K.; Katagiri, W.; Osugi, M.; Kawai, T.; Sugimura-Wakayama, Y.; Hibi, H. Periodontal tissue regeneration using the
cytokine cocktail mimicking secretomes in the conditioned media from human mesenchymal stem cells. Biochem. Biophys. Res.
Commun. 2017, 484, 100–106. [CrossRef]

131. Katagiri, W.; Osugi, M.; Kawai, T.; Hibi, H. First-in-human study and clinical case reports of the alveolar bone regeneration with
the secretome from human mesenchymal stem cells. Head Face Med. 2016, 12, 5. [CrossRef] [PubMed]

132. Katagiri, W.; Watanabe, J.; Toyama, N.; Osugi, M.; Sakaguchi, K.; Hibi, H. Clinical Study of Bone Regeneration by Conditioned
Medium From Mesenchymal Stem Cells After Maxillary Sinus Floor Elevation. Implant Dent. 2017, 26, 607–612. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.biomaterials.2021.120718
http://doi.org/10.1016/j.actbio.2021.03.030
http://doi.org/10.1186/s13287-018-0850-0
http://doi.org/10.3390/ijms19020329
http://doi.org/10.3389/fphys.2019.00512
http://doi.org/10.3390/ijms19041022
http://doi.org/10.3390/ijms20133256
http://www.ncbi.nlm.nih.gov/pubmed/31269731
http://doi.org/10.1016/j.bbrc.2017.01.065
http://doi.org/10.1186/s13005-016-0101-5
http://www.ncbi.nlm.nih.gov/pubmed/26772731
http://doi.org/10.1097/ID.0000000000000618
http://www.ncbi.nlm.nih.gov/pubmed/28727618

	Introduction 
	Mesenchymal Stem Cells and Regenerative Medicine 
	Biomaterials and Scaffold Characteristics for Bone Tissue Engineering 
	Biomaterials and Mesenchymal Stem Cells for Bone Tissue Engineering 
	In Vivo Studies Using MSCs and Scaffolds for Bone Regeneration 
	In Vivo Studies Comparing Different Biomaterials or Scaffold Features in Association with MSCs for Bone Regeneration 
	In Vivo Studies Using Scaffolds Enriched with Biomolecules and MSCs for Bone Regeneration 
	In Vivo Studies Using Scaffolds Enriched with Genetically Modified or Pre-Treated MSCs for Bone Regeneration 
	In Vivo Studies Using Scaffolds Enriched with MSCs from Different Sources for Bone Regeneration 

	Future Perspective: Cell-Free Approach 
	Conclusions 
	References

